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The writer has already reported the 
discovery of the gametophyte of Helmin- 
thostachys zeylanica and Ophioglossum 
vulgatum (Nozu, 1958a, b). Today, our 
knowledge of the gametophyte of Helmin- 
thostachys zeylanica is due only to Lang 
(1902, 1904) who gave a detailed account 
of the morphology of the gametophyte of 
Ophioglossum pendulum and H. zeylanica. 
In his report, he said that he found some 
individuals of the latter species bearing 
antheridia only. The only available re- 
port on the gametophyte of O. vulgatum 
is that of Bruchmann (1904) who gave a 
complete account of the gametophyte 
collected from the Thuringian Forest, and 
stated that it is very much larger than 
that of other species. 

The purpose of the present paper is to 
describe in detail the results of the ana- 
tomical and morphological observations on 
the gametophyte of Helminthostachys zeyla- 
nica and Ophioglossum vulgatum. 


Helminthostachys zeylanica 


Numerous gametophytes and young 

sporophytes born on the gametophytes of 
- Helminthostachys zeylanica were collected 
around a pond on Kumejima Isle, Ryukyu 
Islands, January 1958. After rainfall, the 


pond becomes full of water which recedes 
tothecentre as previously reported (Nozu, 


1958b). Gametophytes and young sporo- 
phytes born on the gametophytes grew 
abundantly on the surrounding ground of 
the pond, but the adult sporophytes were 
found only on the bank. These young 
plants were covered so densely with grasses 
‚and herbs that they could easily escape the 
eyes of casual observer since they were so 


small, being from 3 to 10 cm in height. 
Some of the young specimens bore a pro- 
minent phyllomophore and a leaf, but on 
none ofthem was observed the fertile spike. 

As in other Ophioglossaceous ferns, the 
gametophyte of this species is subterra- 
nean, and its adult body is 2 X 6 mm in 
size and grows at a depth of about 3-7 cm. 
It is erect in position and never creeps 
horizontally. Unlike Botrychium, it shows 
no dorsiventrality. The shape of the 
young gametophyte is oval in outline, but 
the surface is irregular (Fig. 1). Later, 
it assumes a cylindrical form and develops 
many irregular lobes, but lacks ridges 
so characteristic of Botrychium. As to 
colour, the older part is brown, while the 
apices of the lobes and younger parts are 
white with numerous black spots. The 
surface of the gametophyte is roughly 
covered with unicellular, pale brown 
rhizoids of different lengths, which emerge 
at first as small papillae originating from 
superficial cells and may develop to a 
length of 300 u (Figs. 1, 2). The outer 
tissue of the mature gametophyte consists 
of one or two layers of cells somewhat 
flattened and free of endophyte, while the 
inner region is made up of fungal infected 
cells (Fig. 17). The apical region of the 
lobes consists of parenchymatous cells and 
except the epidermis rest are occupied by 
a fungus (Fig. 3). The apical cell in the 
lobe could not be clearly found in any case 
(Fig. 3). 

The endophytic fungus present both in 
root and gametophyte is well developed 
(Figs. 17, 28) as in the other species of 
Ophioglossaceae. Frequently the fila- 
ments are nearly straight, running from 
cell to cell and the septum of the hypha 
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Fics. 1-23 — Helminthostachys zeylanica. (S$, antheridium; 9, archegonium; c, archegonial 
cavity; e, egg cell; em, embryo; f, endophytic fungus; fz, fungus zone; n, neck cell; 0, opercular 
cell; 7h, rhizoid; s, suspensor; z, zygote.) Fig. 1. Three gametophytes showing irregular lobing 
with many rhizoids. x 30. Fig. 2. Rhizoids emerging from the superficial cells. Surface view. 
x 150. Fig. 3. Apex of the lobe showing inner cells. x 300. Fig. 4. Young antheridium. x 300. 
Fig. 5. Surface view of mature antheridium showing opercular cell. x 150. Fig. 6. The sper- 
matocytes. x 600. Fig. 7. Three spermatozoids with numerous cilia at the tip of the body. 
x 930. Fig. 8. Cross-section through the sexual region of a gametophyte. x 40. Fig. 9. Median 
section of ripe antheridium showing spermatozoids. x 300. Fig. 10. Longisection of an antheri- 
dium which has discharged the spermatozoids; some spermatozoids can still be seen. x 300. 
Fig. 11. Surface view of archegonial region. x 80. Figs. 12-14. Stages in the development of the 
archegonium. Figs. 12, 13. x 200; Fig. 14. x 300. Fig. 15. Mature archegonium showing egg 
cell. x 600. Fig. 16. The ‘opened’ archegonium. x 450. Fig. 17. A part of cross-section of the 
gametophyte with endophytic fungus. x 150. Figs. 18, 19. Parts of cross-sections of the gameto- 
phytes, showing the suspensor. x 150. Fig. 20. Cross-section of archegonial cavity, showing the 
elongation of suspensor. The arrow shows the position of archegonial neck. x 300. Fig. 21. 


Cross-section of archegonial cavity showing the zygote. x 300. Fig. 22. Embryo consisting of a 
few cells. x 300, Fig. 23. Embryo with suspensor, x 310, 
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may be found in all cases. The nuclei of 
infected cells appear to be larger, and more 
intensely stained by haematoxylin than 
those of uninfected cells. 

_ Although this species is usually monoe- 
cious, the writer has collected some dioe- 
clous specimens which produce antheridia 
or archegonia only. Sex organs are res- 
tricted to the distal region of both the 
main axis and the lateral lobes. The 
antheridia occur over the surface and 
appear as numerous pale brown spots 
which can easily be observed with the 
naked eye. The antheridium belongs to 
the large and sunken type of the Ophio- 
glossaceous ferns (Fig. 8). The archego- 
nia are scattered among the antheridia, 
although fewer in number, and are differen- 
tiated only after the appearance of the 
antheridia. Figure 4 represents a median 
section of a young antheridium which con- 
tains several cells with large nuclei (Fig. 6), 
and the outer wall of the young anthe- 
ridium consists of two layers of somewhat 
flattened cells. A developing antheridium 
shows large oval mass of spermatocytes 
surrounded by flattened cells, and later the 
spermatocytes are subdivided to produce 
numerous spermatozoids. Though the 
total number of the spermatozoids was not 
calculated, the presence of 400-500 of 
them was indicated by a median cross- 
- section of an antheridium. Mature anthe- 
ridia containing a large number of mature 
spermatozoids were found in a cross- 
section of the gametophyte taken at about 
100 u below the apex (Fig. 9). When 
_ mature antheridia are lightly stained with 
- haematoxylin, some of the contents round 
_ up, while the others clearly show the 
spermatozoids carrying the cytoplasm 
(Fig. 7). Numerous cilia can be seen with 
difficulty near or at the anterior end of the 
slender and slightly coiled body. The 
opercular cell of the antheridium is five- 
_ sided in surface view (Fig. 5), and broken 
_ opercula are depicted elsewhere (Fig. 10), 
but the behaviour in the dehiscence of the 
antheridium was not observed. 

Early stages of archegonial development 
show the usual course found in Ophio- 
* glossaceous species (Figs. 12-14). The 
archegonium originates from a superficial 
initial cell, which divides into two forming 
| a central cell and a cover cell, both of 


which divide again, the latter in advance 
of the former. The neck cells are arranged 
in four vertical rows (Fig. 11) in seven or 
eight tiers (Fig. 15). The number of 
neck cells may vary from 2 to6. The neck 
may project a longer or shorter distance 
at the surface and not being bulbous, the 
tip is different from that in higher ferns. 
In the neck canal cell, the nuclear division 
may be seen. The forming of the ventral 
canal cell is very inconspicuous, and thus 
it is often impossible to detect it (Fig. 15). 
The egg is relatively large with dense cyto- 
plasm and the basal cell can be clearly 
found in many cases (Fig. 15). 

After fertilization, a cross-section of the 
gametophyte showed the suspensor to be 
present in all embryos (Figs. 18, 19). 
The zygote is at first situated near the 
centre of the archegonial cavity (Fig. 21), 
then passes down to the lower portion. 
This at first and gradually gives rise to 
the suspensor. The base of the archego- 
nial cavity elongates obliquely inwards 
(Fig. 20). The suspensors are made up 
of a few tiers, the innermost corresponding 
to embryo proper (see also Lang, 1904). 
Each tier is separated by a wall, but this 
is not always preserved (Fig. 23) and the 
size of the cells surrounding the suspensor 
shows a comparatively wide range of varia- 
tion. In the part corresponding to the 
elongated second tier of the suspensor, 
two nuclei are often seen. Sooner or later 
the developing embryo is formed deep in 
the gametophytic tissue. Figure 22 shows 
a developing embryo consisting of several 
cells with large nuclei. 

Two young leaves projecting from the 
gametophyte are represented in Fig. 26. 
One of them has expanded ternate lamina, 
which is born on a long slender phyllomo- 
phore, and the other has a blade just 
breaking out through the cleft of the phyl- 
lomophore sheath. The course of the vas- 
cular bundles in the phyllomophore was 
traced by means of serial cross-sections. 
Two bundles enter the base of the phyllo- 
mophore of the primary leaf, and pass 
upwards (Fig. 24A, B). Distally, these 
become connected with each other and 
fuse temporarily into a single bundle 
(Fig. 24C), which shortly becomes sepa- 
rated again into two, one of which bifur- 
cates further (Fig. 24D). The three 
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Fics. 24-28 — Helminthostachys zeylanica. 


of second leaf. X 310. Fig. 26. A young sporophyte with gametophyte. x 3. 


(b, bundle; g, 
pl, primary leaf; 7,, primary root; 72, secondary root, s/, second leaf; ¢, triarch bundle. ) 
Series of the cross-sections of a young sporophyte. 
middle; C, near the top; D, at the top. x 50. Fig. 25. Young bundle at the base of phyllomophore 


gametophyte; fz, fungus zone; 
Fig. 24. 
A, near the base of phyllomophore; B, in the 


Fig. 27. Part of 


cross-sections of ternate lamina. X 310. Fig. 28. Cross-section of primary root, showing triarch 


bundle and fungus zone. X 50. 


bundles thus produced enter the pinna 
together. At the base of the phyllomo- 
phore, the trace of the second leaf is not 
yet differentiated into definite bundles 
and consists of two procambial strands 
which are situated opposite to each other 
within the cortex (Fig. 24A). These are 
composed of parenchymatous cells, which 
stand out from the rest of the meristem 
by their smaller size and rich protoplasmic 
contents (Fig. 25). These originate by 
repeated divisions of cells 10-12 layers 
below the epidermis. Within this region 
of newly formed cells some with prominent 
nuclei and dense cytoplasm differentiate 
into primary xylem by a deposition of 
thickenings of the walls. In this case the 
two bundles of the leaf trace are not 
equally differentiated. 

The young lamina of this species is 
260 u. in thickness and has a structure 
resembling that of Botrychium. The epi- 
dermal layer, about 38 u in thickness, is 
not heavily cutinized, and stomata occur 
only on the lower face of the leaf. These 


have a simple structure as in Ophioglossa- 
ceous ferns. The mesophyll consists of 
parenchymatous cells with numerous inter- 
cellular spaces (Fig. 27). The structure 
of the mature plant of Helminthostachys 
has already been described by the present 
writer (1955, 1956). 


Ophioglossum vulgatum 


As reported in a previous paper (1958b), ' 
the writer collected a few gametophytes of 
Ophioglossum vulgatum bearing young 
sporophytes. Differing from that of Hel- 
minthostachys zeylanica, this gametophyte 
is only about 6 mm in length and consists 
of slender irregular body, which is occa- 
sionally branched (Fig. 29). The body is 
pale brownish except the apex, which is 
white. Owing to its slender form, the 
gametophyte is rather difficult to distin- 
guish from the root. 

Numerous short rhizoids are scattered 
over the entire surface (Fig. 31). A large 
number of sexual organs are formed near 
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the apex of the body: antheridia, more 
numerous than archegonia, are situated 
near the apex. The antheridium is of the 
narrow and deeply sunken type and the 
outer wallis composed of two layers of cells 
(Fig. 34). A surface view of the antheridium 
Shows the triangular opercular cell (Fig. 
32). Figure 33 represents the inner cells 
with nuclei in young antheridium. These 
nuclei become larger and stain deeply with 
haematoxylin. The writer has failed to 
find any living spermatozoids, but a num- 
ber of sperm cells were seen which were 
smaller than those of Helminthostachys and 
in their cytoplasm a considerable number 
of deeply staining granules were noted. 
Archegonia are scattered among the anthe- 
ridia apparently without any definite order. 
It was not possible to make a complete 
_ study ofthe early stages of archegonial de- 
velopment, since suitable material of this 
was not available. Archegonia are more 
deeply sunken than those of H. zeylanica. 


The neck projects a little above the surface 
of the gametophyte, and consists of 3-4 
tiers of cells. The neck canal cell is quite 
conspicuous, its base being broad, and its 
upper part narrowed and extending among 
the uppermost neck cells. The division 
of the large and conspicuous nucleus of 
the neck canal cell is not followed by a 
wall. The basal cell is clear in many 
cases, and its limits are readily distin- 
guishable up to the time when the arche- 
gonium is mature. As in H. zeylanica, 
the fertilized egg cell is situated in the 
middle of the archegonial cavity but un- 
like Helminthostachys no suspensor was 
found in any case. An embryo consisting 
of two cells was observed (Fig. 36), prob- 
ably the first division of the zygote is 
transverse. 

The cells of the inner part of the game- 
tophyte contain the characteristic endo- 
phytic fungus, but the greater part of the 
fertile branch is quite free from it. 


Fics. 29-36 — Ophioglossum vulgatum. 


(3, antheridium; 9, archegonium; db, bundle; bc, basal 


cell; e, egg cell; em, two-celled proembryo; g, gametophyte; nc, neck canal cell; 0, opercular cell; 


y, root; rh, rhizoid; sp, sporophyte. ) 


Fig. 29. Two gametophytes. x 8. 


Fig. 30. Cross-section 


-through the gametophyte; note the root of a sporophyte. x 50. Fig. 31. A part of cross-section 

of gametophyte showing the rhizoids. x 300. Fig. 32. Surface view of opercular cell. x 310. 
Fig. 33. Spermatocytes. x 310. Fig. 34. Median section of a mature antheridium. x 450. Fig. 
35. Median section of a mature archegonium. X 600. Fig. 36. Cross-section of the gametophyte 
| Showing archegonial cavity containing an embryo. x 310. 
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A. HELMINTHOSTACHYS ZEYLA- 
NICA — The habit of Helminthostachys in 
Kumejima Isle, Ryukyu Islands, is similar 
to that of the gametophyte of this species 
collected by Lang in that both localities 
become covered with water after the rain- 
fall. From these observations it seems ap- 
parent that plenty of water is an indis- 
pensable factor for the establishment of 
certain terrestrial species of the Ophioglos- 
saceous ferns. This state of the gameto- 
phyte of this species has not been noted 
in any other ferns, and it is known only in 
a few of the Ophioglossaceae. One of this 
characteristics is that it assumes a radial 
structure which differs strikingly from 
the gametophyte of Botrychium, which 
is dorsiventral (Nozu, 1954). If it is 
assumed that the radial form of the 
gametophyte is a primitive character, 
from which the dorsiventral one is derived, 
Ophioglossum and Helminthostachys can 
both be regarded as more primitive than 
Botrychium, as pointed out by Eames 
(1936). Furthermore, lack of a ridge, 
and the unicellular, longer rhizoids in 
gametophytes of this genus are in keeping 
with the characteristics of the primitive 
ferns as stated by Eames. The lobing 
of the gametophyte also seems to be 
unique in the present species, for it is 
not found in any other ferns. Eames 
(1936) recognizes true branching in both 
Helminthostachys and Ophioglossum. How- 
ever, it seems that there is no de- 
finite apical cell in the lobe as shown in 
Fig. 3. 

The gametophyte apparently lives for 
a few years, since the writer has found 
some on which two or three well deve- 
loped sporophytes in different stages were 
growing. 

Although the gametophyte is usually 
monoecious, the writer has collected some 
dioecious forms, so the species seems to 
have a tendency to dioecism. The 
sexual organs of Helminthostachys are 
typical of the Ophioglossaceae and Angiop- 
teris. The antheridium is of the large and 
sunken type which characterizes the Eus- 
porangiate ferns. According to Lang the 
antheridium of H. zeylanica shows a 
general agreement in form with that of 
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the other Ophioglossaceae, it is larger 
and the cover cells are thicker than those 
of Ophioglossum. Consequently in this 
respect, then the antheridium of this 
species resembles more closely that of 
Botrychium as pointed out by Campbell 
(1911). It is also a characteristic of 
Helminthostachys that the spermatozoid 
output is larger than that of other Ophio- 
glossaceous ferns. The spermatozoid is 
in the form of a slightly coiled band with 
numerous cilia at the anterior end and 
thus resembles-that of Botrychium rather 
than that of Ophioglossum. 

The archegonium roughly agrees with 
that of Botrychium, and the number of 
neck cells vary from 2 to 6, attaining a 
large size such as is known only in some of 
the Eusporangiate ferns. It appears that 
the longer archegonial neck is found also 
in higher ferns although the shorter one 
seems to be adapted to the massive game- 
tophyte and the subterranean habitat, 
so this may be a character known only in 
primitive ferns. In Helminthostachys, a 
basal cell of the archegonium is always 
found, as reported by Lang (1902) and 
Campbell (1911). It is probable that the 
binucleate condition in the neck canal 
cell in most of the archegonia originates 
from the large and conspicuous nucleus 
in the neck canal cell dividing into two 
without a division wall. It is difficult to 
observe whether the ventral canal cell is 
formed in all cases but probably, the 
forming of the ventral canal cell is ex- 
tremely late. 

The presence of a suspensor is an im- 
portant feature of Helminthostachys, and 
is generally taken as evidence of a primi- 
tive nature in ferns (Bower, 1935; Ward- ' 
law, 1955). It was first reported by Lang 
(1902, 1904, 1910), but his observations 
were not complete, and it was described 
as consisting of a few tiers. In Botrychium 
obliquum, Lyon (1905) found that the long 
suspensor is situated in the tissue of the 
gametophyte and at the tip of this sus- 
pensor a spherical protocorm is organ- 
ized. Also, as Nozu (1954) pointed out, 
in B. japonicum, there is a multicellular 
suspensor, resulting in an irregular and 
oblique structure. Since the embryo 
develops only from the tier of the em- 
bryo proper, the embryo may be deve- 
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loped within the tissue of the gameto- 
phyte and so apparently the embryo of this 
species resembles that of Botrychium 
with reference to the early developmental 
stages. 

B. OPHIOGLOSSUM VULGATUM— 
The habitat of Ophioglossum vulgatum in 
Kumejima Isle, Ryukyu Islands, was also 
similar to that of the specimens which 
Bruchmann (1904) collected in the Thurin- 
gian Forest. A small, slender, irregular and 
elongating gametophyte is typical of this 
species. Manton (1950) collected many pro- 
thalli of O. vulgatum in a field near Ad- 
lington in Cheshire and noted some de- 
tails of the sunken sexual organs, though no 
developing embryos were seen. The formis 
more or less irregular compared with that 
of O. moluccanum (Campbell, 1911). Ac- 
cording to Bruchmann, however, rhizoids 
in O. vulgatum are absent on the gameto- 
phyte, but in the material handled by the 
present writer a large number of them 
were borne all over the surface and in 
this respect there is a resemblance to 
O. moluccanum. The rhizoid is always a 
single elongated cell, as in the case of 
Helminthostachys. 

Mettineus (1856) working on O. pendun- 
culosum and Bruchmann on O. vulgatum 
found chloroplasts in the cells of the small 
lobe of the gametophyte when it was ex- 
posed to light, but the writer was unable 

… to confirm this. The apical cell in this 
species is characteristically three-sided in 
cross-section. Bruchmann (1904) states 
that in O. vulgatum the gametophyte may 

. live for twenty years or more. The endo- 

- phyte, also, is strongly developed in this 

species as reported by Bruchmann. 

The characteristic sexual organs of this 
species are not found in any other Ophio- 
glossaceous ferns. The gametophyte is 
monoecious and in this respect, it differs 
from that of O. moluccanum which is quite 

_ destitute either of archegonia or of anthe- 
 ridia. It differs makedly from that of 
Helminthostachys and the spermatozoid 
output is smaller than that of Helminthos- 
tachys and Botrychium. In this regard, 
the antheridium of O. vulgatum appears 
. to be intermediate between O. moluccanum 
and of O. pendulum, as reported by Camp- 
bell (1911). The shape of archegonium 
resembles that of Angiopteris rather than 


those of Botrychium and Helminthostachys 
in that the neck of the archegonium with 
its two neck canal cells, like that of O. 
moluccanum projects a little above the 
surface and is a distinguishing feature. 
Furthermore, it is noteworthy that a sus- 
pensor was not observable in this species. 
The zygote in the archegonial cavity is 
larger than that of Helminthostachys 
and it divides into two by a transverse 
wall. 


Summary 


The gametophyte and young sporophyte 
of Helminthostachys zeylanica and Ophio- 
glossum vulgatum from Kumejima Isle, 
Ryukyu Islands, were studied. 

HELMINTHOSTACHYS ZEYLANICA — 
The gametophyte is subterranean and has 
an upright axis with irregular lobes which 
radiate in all directions. The older part 
is brown, while the apex and younger 
parts are white with numerous black 
spots. An endophytic fungus is present 
in the inner cells of the root and the game- 
tophyte. The gametophytes are monoe- 
cious, but some of them produce antheridia 
or archegonia only. An antheridium is 
of the large and sunken type, and it 
may contain 400-500 spermatozoids. The 
spermatozoid has numerous cilia near the 
anterior end of slender body. The arche- 
gonium has its neck cells arranged in two 
to six tiers and the neck projects above the 
prothallial surface. The suspensor is 
clearly developed and it consists of a few 
tiers of cells, the innermost corresponding 
to the embryo proper. The above men- 
tioned characters lead to the conclusion 
that the genus Helminthostachys represents 
an isolated natural group among the mem- 
bers of the Ophioglossaceae. 

OPHIOGLOSSUM VULGATUM — The 
gametophyte is a small, slender, irregular 
and elongated tuber. The rhizoids of 
single elongated cells are born over all 
the surface. The sexual organs are born 
only near the apex of the gametophyte. 
The antheridium is of the small, narrow 
and sunken type. The neck of the arche- 
gonium encloses two neck canal cells and 
projects a little above the surface. The 
embryo has no suspensor and is divided 
into two by a transverse wall, 
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Introduction 


In a previous paper (Davis, 1961), 
microsporogenesis and male gametogenesis 
in Podolepis jaceoides were described and 
compared with those of P. canescens A. 
Cunn. ex DC., P. longipedata A. Cunn. 
ex DC., P. neglecta G.L. Davis and P. 
arachnoidea (Hook.) Druce. 

The present investigation is conducted 
along the same lines, comparative studies 
being carried out on the same species. 
All figures, unless otherwise stated, refer 
to P. jaceoides, and any significant varia- 


tions which occur in the other species,.are 
described in the text. 


Materials and Methods 


The material was from the same locali- 
ties and collected at the same time as that 
of the previous paper. 

Conventional paraffin sections were cut 
at 12-18 u, and stained with Johansen’s 
safranin heated to 50°C. and fast green. 
Supplementary examinations of mature 
embryo sacs and embryos were made from 
dissections mounted in glycerine jelly to 


*This investigation was carried out at the Botany Department, University of Delhi, during 
the tenure of a Fellowship under the Colombo Plan. 


Fics. 1-7 — Development of the ovule. 
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(a, archesporial cell; es, embryo sac; 7, integument; 


ti, integument initial; 7, loculus; mc, micropylar chamber; mi, micropyle; mmc, megaspore mother 


cell; #, nucellar lobe.) 


which 1 per cent acid fuchsin had been 
added. 


The ovule 


The ovule makes its appearance from 
the base of the loculus as a vertical papilla 
in which a single hypodermal archesporial 
cell becomes differentiated (Figs. 1, 8). 

Anticlinal and periclinal divisions of 
certain epidermal and hypodermal cells 
on the adaxial side of the ovule then lead 
to unilateral growth and the apex of the 
ovule first assumes a position at right 
angles to the funicle, and then comes to 

- lie parallel to it in the typical anatropous 
form (Figs. 2-4). 

Soon after the curvature of the ovule 
is initiated, localized divisions take place 
in the epidermal cells of the nucellus 
at the level of the base of the megaspore 

‘mother cell. The resulting fold of tissue 
is the primordium of the single massive 
integument which grows over beyond 
the nucellus, until it reaches the funicle. 


Figs. 1-4. x 70. Figs. 5-7. x 35. 


In this way a funnel-shaped micropyle is 
formed, the broader portion of which, the 
micropylar chamber, abuts on and sur- 
rounds the nucellar lobe (Figs. 2-6, 9). 
With the development of the embryo sac, 
the micropylar chamber loses its identity 
and the micropyle proper persists as a 
thread-like slit between the integument 
and the funicle (Fig. 7). 

The cells of both integument and funicle 
which line the micropylar chamber are 
radially elongated with the characters of 
a prismaticlayer. This is the endothelium 
or integumentary tapetum, which later 
becomes closely applied to the surface of 
the embryo sac due to the consumption 
of nucellar cells. Its glandular appear- 
ance, which persists until late in embryo- 
geny, has suggested to various authors a 
nutritive function. 

MEGASPOROGENESIS — The single hypo- 
dermal archesporial cell is recognisable in 
the nucellus at the beginning of ovule 
curvature (Fig. 8). Unlike the primary 
archesporial cell in the microsporangium, 
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no parietal cells are cut off and conse- 
quently it directly gives rise to the mega- 
spore mother cell (Fig. 9). On one 
occasion, in P. longipedata, two megaspore 
mother cells occupied the nucellar lobe, 
but whether these originated from two 
archesporial cells or by division of the 
original one is unknown (Fig. 10). 

As ovule curvature proceeds, the mega- 
spore mother cell increases in size and the 
overlying nucellar epidermis at first keeps 
pace by anticlinal divisions, but soon 
shows evidence of being stretched. Its 
cells become elongated and, following the 
appearance of vacuoles, no further divi- 
sions occur. The megaspore mother cell 
and its enclosing nucellar epidermis form 
the nucellar lobe which projects in a 
tongue-like manner into the micropylar 
chamber (Fig. 11). A transverse section 
shows that the megaspore mother cell 
is surrounded by six epidermal cells 
(Fig. 12). 

When growth of the integument is 
completed the megaspore mother cell has 
reached its full size and its nucleus enters 
prophase I. At this stage, two adjacent 
nucellar cells at the chalazal end become 
densely cytoplasmic but as prophase 
proceeds these supporting cells show signs 
of degeneration. 

Meiosis is normal except for the fact 
that the spindles of both metaphases are 
orientated at 45° to the long axis of the 
nucellar lobe, but the wall between the 
daughter cells is transverse (Figs. 13-15). 
This phenomenon also occurs in P. arach- 
noidea, but preparations of metaphases 
were not obtained in the other species 
examined. In P. jaceoides, the dyad cells 
are of equal size and undergo the second 
meiotic division simultaneously. In P. 
arachnoidea, however, in the only instance 
in which this stage was seen, the primary 
chalazal cell was at anaphase I and the 
primary micropylar one at metaphase I. 


Fics. 8-18 — Megasporogenesis (Fig. 10, P. longipedata). (a, archesporial cell: d, dyad; en, endo- 
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The linear tetrad of equal megaspores 
occupies the same area as the megaspore 
mother cell at prophase (Fig. 16). In 
two instances abnormal tetrads were seen 
in which there was a cruciform and an 
inverted T-shaped arrangement of mega- 
spores respectively (Figs. 17, 18). 

When first formed, the megaspores are 
densely cytoplasmic with centrally placed 
nuclei. Vacuolation then sets in at the 
chalazal end of each cell and the nuclei 
are displaced to the micropylar end (Figs. 
19/#20)24 7 

Normally, it is the chalazal megaspore 
which is functional, but occasionally the 
micropylar one develops at the expense of 
the others, and on rare occasions twin 
embryo sacs result due to the development 
of two megaspores (Figs. 21-23). Such 
twin embryo sacs have not been observed 
beyond the 4-nucleate stage and it is 
probable that only one of them completes 
development. 

Increase in size of the functional mega- 
spore is accompanied by degeneration of 
the nucellar epidermis. Its individual 
cells collapse and, although the cell walls 
remain intact, their cytoplasm can no 
longer be detected and their nuclei become 
very elongated and structureless. The 
breakdown of the contents of the nucellar 
epidermis is first apparent at the chalazal 
end of the nucellar lobe and proceeds 
towards its apex, where there is sometimes 
some difficulty in distinguishing between 
its cells and the disintegrating non-func- 
tional megaspores (Figs. 19, 20). 

Elongation of the functional megaspore 
results from an increase in size of its 


vacuole which occupies the chalazal half 


of the cell. The megaspore nucleus is 
located in the micropylar end which 
becomes pressed against the non-func- 
tional megaspores and later, after their 
disintegration, against the apical cells of 
the nucellar epidermis (Figs. 19, 20). 


——> 


thelium; ep, nucellar epidermis; ii, integument initial; mc, micropylar chamber; mmc, megaspore 


mother cell; mt, megaspore tetrad; s, supporting cells). 


For detailed explanation refer to text. 


Figs. 8-10. X 270. Figs. 11-18. x 440. 
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Fıcs. 19-26 — Development of the embryo sac. 
embryo sac; m, functional megaspore; m’, 
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(en. endothelium; ep, nucellar epidermis; es, 
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mi, micropyle.) Figs. 19-21. x 440, Figs. 22-26. x 340. 
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For detailed explanation refer to text. 
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The Female Gametophyte 


Penetration of the nucellar epidermis 
by the functional megaspore appears to be 
accomplished by chemical means as well 
as physical pressure. It is thought that 
_ the tip of the megaspore liberates enzymes 
which break down the middle lamella 
between the epidermal cells with which it 
isin contact. In this way perhaps a pore 
is formed and through which the mega- 
spore extends into the micropylar chamber 
(Fig. 24). Either during, or soon after this 
migration, the nucleus divides at right an- 
gles to the long axis of the embryo sac, and 
a vacuole forms between the daughter 
nuclei. Increase in size of this vacuole 
leads to the separation of the nuclei and 
to the elongation of the embryo sac until 
it reaches the throat of the micropyle. 
That this elongation is due to the enlarge- 
ment of the inter-nuclear vacuole is shown 
by the fact that the chalazal nucleus 
remains constant in position, while the 
micropylar one is carried into the micro- 
pylar chamber in the tip of the embryo 
sac (Fig. 25). 

A second mitosis takes place simul- 
taneously in both nuclei as soon as the 
embryo sac is fully extended, and a third 


CAPITULUM RAY FLORETS 
1 Megaspore 
2 Mature E.S. 
3 Mature E.S. Zygote 


1st cell gen. 
2nd cell gen. 


4 Mature E.S. 
1st cell gen. 


MIDDLE DISC FLORETS 


Megaspore tetrad 


ESS. 
2-nucleate E.S. 


E.S. (polar nuclei) 
Mature ESS. 


ES. ( polar nuclei ) 


division results in two groups of four 
nuclei which are separated by the original 
vacuole (Figs. 26, 28,29). This 8-nucleate 
stage of the unorganized embryo sac is 
of short duration and immediately after 
the third mitosis cytoplasmic cleavage 
results in the formation of three uni- 
nucleate cells at each pole and a single 
binucleate cell which encloses the vacuole 
and occupies the centre of the embryo 
sac (Fig. 30). 

THE EGG APPARATUS — When first 
formed, the synergids and the egg are 
oblong cells with dense cytoplasm and rela- 
tively large nuclei. Both increase rapidly 
in size as a result of vacuolation and, toa 
lesser extent, cytoplasmic synthesis, but 
whereas the synergid nuclei retain the 
original size, the egg nucleus becomes 
considerably larger. 

The vacuole in each synergid forms at 
the chalazal end of the cell and as it 
enlarges that part of the cell broadens and 
the nucleus is displaced towards the nar- 
row extremity. The final position of the 
nucleus depends on the size of the vacuole 
which, at its smallest, occupies the chalazal 
half of the cell. 

While the synergids have been enlarg- 
ing, vacuolation has been taking place in 


CENTRAL FLORETS 


Megaspore mother cell 


E.S. (polar nuclei) 
1-nucleate E.S. 


2-nucleate E.S. 
4-nucleate E.S. 


(polar nuclei ) 


4-nucleate E.S. 
8-nucleate E.S. 
E.S. (polar nuclei ) 


2nd cell gen. Mature ESS. E.S. ( polar nuclei ) 
6 2nd cell gen. Mature E.S. Mature ESS. 
4th cell gen. 
7 Early heart-shaped 2nd cell gen. Zygote 
embryo 3rd cell gen. 
Heart-shaped embryo 4th cell gen. 
Cotyledons 10th cell gen. 
8 9th cell gen. Zygote Mature E.S. 
Cotyledons 3rd cell gen. Zygote 


10th cell gen. 


2nd cell gen. 


Fic. 27 — Developmental gradient across the capitulum as shown in the ovules. 
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the micropylar cytoplasm of the egg cell 
so that it assumes a signet-ring configu- 
ration. Its nucleus is large with a promi- 
nent nucleolus and the whole cell is over- 
laid by the broad ends of the synergids 
(Bigs. 31, 32). 

THE ENDOSPERM CELL — Occupying the 
centre of the embryo sac is a large cell 
consisting mainly of vacuole, but with a 
polar nucleus surrounded by cytoplasm 
at each extremity, and a thin peripheral 
layer of cytoplasm connecting the two 
ends (Fig. 30). The chalazal nucleus 
then migrates in a micropylar direction 
and both polar nuclei maintain their 
identity, immediately below the egg, 
until just prior to fertilization (Fig. 31). 
The secondary nucleus, formed by their 
fusion, is bigger than that of the egg and 
can be distinguished by its relatively 
large nucleolus (Fig. 32). 

The endosperm cell remains intact 
although most of its cytoplasm is located 
at its micropylar end, and as a result, 
the secondary nucleus is separated from 
the antipodal cells by the persisting 
vacuole and the enclosing membrane of 
the endosperm cell. 

THE ANTIPODAL CELLS — Cytoplasmic 
cleavage at the chalazal pole of the un- 
organized embryo sac is transverse and 
results in the formation of three uni- 
nucleate antipodal cells in a linear series 
(Fig. 30). Rarely only two such cells are 
formed, in which case the lower is bi- 
nucleate. Of the three antipodals, that 
closest to the micropyle undergoes 
longitudinal division immediately and 

its daughter cells lie side by side across 
_the embryo sac (Fig. 31). Further divi- 
sions then occur in all antipodal cells, 
mitosis being followed invariably by 
cytokinesis in P. jaceoides, but in the other 
species examined a few of the antipodals 
were always binucleate. 
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An unusual feature of antipodal mitosis 
is that it occurs in highly vacuolate cells 
in which the cytoplasm hardly stains and 
the nucleus is excentrically placed. An 
exception to this is the first antipodal 
division, in which the parent cell is densely 
cytoplasmic and non-vacuolate. It was 
not possible to determine when mitotic 
activity ceases and the appearance of the 
cells themselves is no guide. Counts of 
antipodal cells were made at various 
stages of embryo sac maturation and em- 
bryogeny, and the results indicate that the 
cells continue to divide until the embryo 
is well advanced. In embryo sacs with 
polar nuclei 2-6 antipodals occur, but 
these have increased to 7-13 at the second- 
ary nucleus stage, and 11-15 were found in 
embryo sacs containing zygotes. From 
then onwards the number of antipodals 
steadily increased to a maximum of 28 
at the stage of the embryo immediately 
preceding the appearance of the cotyledon 
primordia. This number was exceeded 
in P. arachnoidea where 51 were counted 
at the zygote stage. 

If appearances are any guide, the anti- 
podal cells are active up to the heart- 
shaped stage of the embryo, but from 
then onwards, although they retain their 
identity, their nuclei show signs of de- 
generation. 

The multiplication and longevity of 
these cells suggest a haustorial function, 
but no evidence in support of this has 
been found. 

THE MATURE EMBRYO SAC — Maturity 
of the embryo sac is reached with 
the formation of the secondary nucleus 
and at this stage the single vacuole 
in each of the synergids and the egg 
cell has reached its maximum size. No 
crystals are present in any part of the 
embryo sac and tests for starch were 
negative. 


<_—. 


Fics. 28-34 — Development of the embryo sac. (a, antipodal cells; e, egg; ec, endosperm cell; 
26, 6th cell generation embryo; ep, nucellar epidermis; en, endothelium; esp, endosperm; mt, micro- 


pyle; p, polar nuclei; s, secondary nucleus; sy, synergids; z, zygote.) 


Figs. 28-32. x 270. Fig. 


133. x 340. Fig. 34. x 350. For detailed explanation refer to text, 
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Closely surrounding the embryo sac is 
the endothelium, within which, at the 
chalazal end, is the persisting nucellar 
epidermis whose cells have collapsed but 
whose nuclei are darkly-staining and 
distorted. This tissue, although appa- 

rently functionless, can be clearly dis- 
tinguished up to the time the embryo is 
heart-shaped. 

When the endothelium is slit and pres- 
sure applied, the egg apparatus and 
secondary nucleus are extruded in a firm 
envelope which encloses the embryo sac 
and follows the contours of the endothe- 
lium to the throat of the micropyle. 

The mature embryo sac is narrow and 
elongated but its micropylar half becomes 
increasingly swollen after fertilization 
and as endosperm formation proceeds. 
The antipodal region remains unchanged 
and persists as a vermiform appendix in 
the mature fruit (Figs. 35-42). Similar 
behaviour of the antipodal region has 
been reported by Diettert (1939) in Arte- 
misia tridentata where it survives until 
late in embryogeny. 


"4 


Post Fertilization Changes 


ENDOSPERM — Fertilization of the 
secondary nucleus was not observed but 
its occurrence is assumed. The two 
daughter nuclei of the first endosperm 
mitosis take up a position on either side 

of the zygote and divide again almost 
simultaneously and in the same plane. 
Figure 33 shows a cell plate being laid down 
in between two nuclei and its formation 
‘indicates that the endosperm is cellular. 
Harris (1935) reports that in Galinsoga 
ciliata the first division of the primary 
endosperm nucleus is not accompanied 
by wall formation, but that this occurs 
in all subsequent ones. In Podolepis 
the first mitosis was not observed but the 


—— 
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two daughter nuclei appear to be enclosed 
in definite cells. Due to their highly 
vacuolate nature, there was some difficulty 
in distinguishing individual endosperm 
cells until the 4th cell generation of the 
proembryo. 

All endosperm mitoses after the second 
are not simultaneous and ultimately the 
endosperm fills the embryo sac with 
the exception of the antipodal appendix 
(Fig. 34). 

In an attempt to estimate the rate of 
endosperm formation, counts of nuclei 
were made during the early stages of 


embryogeny: 
Embryo Endosperm 
nuclei 
1st cell generation (or 2-celled) 6- 12 
2nd ,, Be (or 4-celled) 17- 20 
STC a, (or 5-celled) 20- 61 
4th ,, i. (or 9-celled) 104-120 


After the 4th cell generation the endo- 
sperm nuclei become too numerous to 
count with accuracy from serial sections 
and mitoses were observed up to the early 
heart-shaped stage of the embryo. No 
variation was found in the size of the nuclei 
throughout the embryo sac but those at 
the sides and base of the embryo become 
elongate and darkly staining soon after 
their formation. The nucleoli were found 
to vary from 3 to 5. 

While endosperm formation is in pro- 
gress there is no indication that it is being 
drawn on as a source of food materials by 
the growing embryo. From the heart- 
shaped stage of the embryo onwards, 
however, the endosperm is clearly being 
digested in the neighbourhood of the 
embryo, and becomes steadily reduced in 
amount until it is represented only by a 
single layer of cells lining the seed coat in 
the mature seed. A similar condition is 
reported in Galinsoga ciliata by Harris 
(1935). 


Fics. 35-56 — Changes in shape and dimensions of the embryo sac from maturity to the fully 


developed seed and embryogeny. 


(a, antipodal region; aa, antipodal appendix; e, egg; e1-e10, 


ist-10th cell generation embryo; pe, primary endosperm nucleus; z, zygote). All drawn from 


dissections. 


Figs. 35-42. x 42; Figs. 43-49. x 340; Figs. 50-56. “x 270, 
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In two instances, embryos of the 3rd 
cell generation were found in embryo sacs 
in which the primary endosperm nucleus 
remained undivided and on each occasion 
its nucleolus was relatively immense 
(Fig. 49). The embryo was apparently 
normal in all respects, which suggests that 
up to this stage, at least, it is nourished 
from a source other than the endosperm. 
This phenomenon appears to be normal in 
Parthenium where, according to Dianova, 
Sosnorets & Steshina (1934), the endo- 
sperm only begins to develop after the 
embryo has become multicellular. Cooper 
& Brink (1949) report that late develop- 
ment of endosperm is of common occur- 
rence in Taraxacum officinale and appears 
to be associated with apomixis, since in 
the related sexual species, T. kok-saghyz, 
endosperm formation always precedes divi- 
sion of the zygote. 

VASCULARIZATION — À thin vascular 
strand of about six spiral vessels makes its 
appearance in the funicle at the time of 
formation of the secondary nucleus. This 
strand increases in length by differentia- 
tion of provascular tissue, and at the 4th 
cell generation of the embryo it has 
reached the level of the base of the embryo 
sac. At the 8th cell generation the vas- 
cular strand has reached the level of the 
top of the antipodal region and, at matu- 
rity of the embryo, it can be traced almost 
to the chalazal end of the ovule. 

INTEGUMENT — When the embryo sac 
is at the 1-nucleate stage, a small crystal 
of calcium oxalate is formed in each cell 
of the 3-4 outer cell layers of the integu- 
ment. Crystal formation continues cen- 
tripetally and when the embryo sac is 
mature, they are present throughout the 
whole integument. From the time of 
their formation, the crystals increase 
steadily in size and by the 8th cell genera- 
tion they can only be accommodated 
diagonally in each cell. 

Following fertilization, the integument, 
and therefore the ovule as a whole, 
increases in size and, except for the endo- 
thelium which closely surrounds the em- 
bryo sac, it is anatomically undifferen- 
tiated. 

The integumentary cells adjacent to 
the endothelium show signs of enzyme 
action in that their nuclei become pale 
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and mis-shapen, their walls are discoloured 
and contorted, their cytoplasm has dis- 
organized and crystals have disappeared. 
This digestion of the contents of the 
integumentary cells proceeds centrifugally 
in the ovule and by the 8th cell generation 
of the embryo only the four outer cell 
layers of the integument are intact, and 
each cell contains a single large crystal. 
In the mature seed the integument is 
represented by two cell layers of struc- 
tureless and darkly staining cells with 
thick walls forming the testa, and the 
endothelium cannot be distinguished ex- 
cept in dissections where it forms the mem- 
branous bag enclosing the endosperm and 
the embryo ( Fig. 42). 

The appearance, growth and disappear- 
ance of the calcium oxalate crystals follow 
a definite sequence related to the matura- 
tion of the ovule and the growth of the 
embryo. Prior to their appearance, the 
integument had been undergoing rapid 
growth, but with the formation of the 
micropyle cell division almost ceases and 
further increase in size of the ovule is 
mainly the result of cell expansion by 
vacuolation. The appearance of the crys- 
tals at this stage suggests that the calcium, 
which hitherto had been utilized in cell 
wall formation as calcium pectate, is 
now in the nature of a waste product and 
combines with oxalic acid in the cell 
sap. During fertilization, the embryo sac 
appears to be very low in food reserves 
and the only source of supply to the 
embryo is the surrounding massive integu- 
ment. Since the first evidence of diges- 
tion of the integumentary cell contents 
is seen soon after fertilization, and the 
cells concerned are in contact with the 
endothelium, there is strong circumstan- 
tial evidence that this tissue is the source 
of the appropriate enzymes. The glandu- 
lar appearance and nature of the endo- 
thelium has long been recognised but 
the simultaneous digestion of the cyto- 
plasm and the disappearance of the. 
calcium oxalate crystals calls for some 
comment. 

It is suggested that when the cytoplasm 
is drawn on as a source of nourish- 
ment for the developing embryo, other 
enzymes act on the crystals and release 
the calcium. This then passes into the 
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embryo sac in its ionised form and is 
converted into the calcium pectate of the 
new cell walls which are being formed by 
the developing embryo and endosperm. 
The calcium oxalate crystals are therefore 
to be regarded as a storage form of readily 
available calcium. An interesting parallel 
exists in the anther, in which a similar 
crystal makes its appearance in each cell of 
the endothecium when the anther wall is 
complete and cell division has ceased. 
The fate of these endothecial crystals 
requires further investigation but in some 
instances, at least, they are not seen after 
the formation of the characteristic wall 
thickening is laid down. 

The series of events which take place in 
the ovule indicates that the materials 
required in early embryogeny are supplied 
by the integument, and the endosperm 
only functions as a nutritive tissue when 
the integument is exhausted. Support 
for the view is supplied by the instances 
reported above, in which normal 3rd cell 
generation embryos were found in embryo 
sacs in which endosperm production had 
failed. 

EMBRYOGENY — The zygote is charac- 

terised by two cytoplasmic “tails’ at its 
 micropylar end (Fig. 43). These repre- 
sent the remains of the cytoplasm which 
enclosed the egg vacuole, and are dis- 
tinct until the 4th cell generation. It 
is probable that they result from the 
male gamete puncturing the vacuole as 
it enters the egg, and this suggests that 
penetration of the egg membrane always 
takes place at the same point. 
- Transverse division of the zygote results 
in the 2-celled proembryo (Figs. 44, 45), 
in which both cells then undergo simul- 
taneous mitoses. The spindles are at 
right angles to each other (Fig. 46) and so 
the 2nd cell generation consists of a 2- 
celled upper tier, g, derived from the 
‚terminal cell, ca, and two superposed cells, 
m and ci, from the basal cell cb (Fig. 47). 
The embryo therefore conforms to the 
Asterad type. 

Both the cells of the tier, g, divide ob- 
liquely and form a quadrant, and a verti- 
cal division of m results in two juxtaposed 
cells, while cz has given rise to the super- 
posed cells n and »’ (Fig. 48). Further 
yertical divisions in the upper two tiers 
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result in the quadrant q becoming an 
octant and tier m becoming 4-celled, 
while n’, by horizontal division, forms 
two superposed cells o and p (Fig. 50). 

The 4th cell generation marks the 
completion of the proembryo and is the 
last stage at which the persisting cyto- 
plasmic “tails’’ are seen. 

Periclinal divisions take place in m, 
followed by similar divisions of q¢ (Figs. 
51, 52). Further vertical divisions at 
right angle to each other take place in m, 
and this tier now consists of 12 cells 
(Fig. 53), certain of which divide verti- 
cally and this results in a 16-celled 
condition. Periclinal division takes place 
in each cell of n. The cells o and p 
have remained unchanged since their 
formation, but p now divides to form two 
juxataposed cells, $ and p’ (Fig. 54). 
Two periclinal divisions occur in each of 
the eight axial cells of g, and this region 
then consists of 32 cells (Figs. 55, 56). 

The suspensor, when fully formed is a 
feeble structure of four delicate superposed 
cells and appears to be of a vestigial 
nature. 

CENTRIFUGAL DEVELOPMENT OF OVULES 
IN THE CAPITULUM — There is a close 
correlation between the development of 
the ovules and their relative positions on 
the capitulum which parallels a similar 
state of events in the anthers. Such a 
regular developmental sequence is related 
to normal sexual reproduction. Cooper 
& Brink (1949) report that in the apo- 
mictic Taraxacum officinale ovules of 
widely different stages of maturation are 
scattered in a random manner on the 
capitulum whereas in the closely related 
sexual species T°. kok-saghyz, a well marked 
developmental gradient runs across the 
capitulum. The data presented in Fig. 
27 are compiled from an examination of 
six ovules of each position in eight different 
capitula and show that a fairly constant 
rate of development is undergone by each 
ovule irrespective of its position on the 
capitulum. The florets are arranged in 
a close spiral and they open in the same 
manner, which accounts for the small 
discrepancies between embryo sacs and 
embryos from the same ‘“‘whorl”. 

In view of the different degrees of matu- 
ration of the ovule along the radii of the 
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capitulum it seems possible that the outer- 
most florets, maturing first, would be at 
a nutritive advantage by commandeering 
the bulk of the vascular supply, so that the 
ovules of the central florets would fail to 
develop. Such an explanation is fre- 
quently advanced for the high degree of 
sterility or abortion of the central florets, 
which is common in the Compositae. In 
the five species of Podolepis examined, 
however, it was found that the vast 
majority of all florets are fully fertile in 
that they develop normal vigorous em- 
bryos, and that those which are “‘sterile”’ 
are scattered indiscriminately over the 
capitulum and apparently have escaped 
fertilization. Some other explanation, 
therefore, must be sought for the central 
sterility (partial or complete) which is 
a common feature in so many Compositae. 
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THE RELATIONSHIP BETWEEN SPORO- 
GENESIS AND GAMETOGENESIS IN THE 
ANTHER AND OVULE OF THE SAME FLORET 
— A constant relationship exists between 
the anthers and the ovule of any one 
floret, so that if the condition of one is 
known, that of the other can be predicted 
with accuracy. 

Meiosis in the microspore mother cells 
is completed rapidly and tetrads are 
present when the megaspore mother cell 
has just entered prophase I. From then 
onwards, events proceed more rapidly in 
the ovule and both gametophytes are 
2-nucleate at the same time. Cell forma- 
tion in the female gametophyte, however, 
is postponed until after eight nuclei have 
been formed and during these three 
mitoses the corresponding pollen grains 
remain in the 2-celled condition. For- 
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TABLE 1— THE RELATIONSHIP OF EQUIVALENT STAGES OF SPOROGENESIS 
AND GAMETOGENESIS IN ANTHERS AND OVULES OF THE SAME FLORETS 


ANTHER 


Microspore mother cells 


Meiosis 


Tetrads 


1-nucleate pollen grains 


2-celled pollen grains 


Male gametes 


OVULE 


Megaspore mother cell 


Prophase 1 


2 Meiosis 11 
Functional megaspore 
1-nucleate embryo sac 


2-nucleate embryo sac 


4-nucleate embryo sac 
8-nucleate embryo sac 
Embryo sac (polar nuclei) 


Mature embryo sac 
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mation of male gametes takes place at the 
time when the polar nuclei in the embryo 
sac fuse, so that both male and female 
gametes reach maturity simultaneously. 


Summary 


Sporogenesis, female gametogenesis and 
embryogeny in P. jaceotdes are described 
and a comparative study made of the 
same processes in P. canescens, P. longipe- 
data, P. neglecta and P. arachnoidea. 
Little variation was found between these 
species, and none which could be 
considered of taxonomic importance. 

The ovule becomes anatropous by uni- 
lateral growth and a vascular strand 
differentiates first in the funicle and then 
extends to the apex of the ovule. The 
formation and disappearance of calcium 
oxalate crystals in the integument are 
thought to be related to the calcium 
requirements of the growing embryo. 

The megaspore mother cell is hypoder- 
mal and develops directly from the arche- 
sporial cell. 

The chalazal megaspore is usually the 
functional one and gives rise to the mono- 
sporic embryo sac after escaping into the 
micropylar chamber through the nucellar 
epidermis. 

The mature embryo sac is enclosed by 
the endothelium and consists of the egg 
apparatus, three antipodal cells and an 
endosperm cell containing two polar 
nuclei. 

The original three antipodal cells under- 
go active division and at the time of 
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fertilization 11-15 such cells are present. 
This number increases up to 28 at the early 
heart-shaped stage of the embryo. In 
P. arachnoidea 51 antipodals were counted 
immediately after fertilization. The anti- 
podal region appears to have a haustorial 
function and persists as a vermiform 
appendix in the mature seed. 

The endosperm is Cellular and its first 
two mitoses take place before the first 
division of the zygote. 

The embryo is of the Asterad type and 
the first ten cell generations are described. 
The early stages of the embryo are nou- 
rished by food materials withdrawn from 
the integument as a result of the activity 
of the endothelium. At the heart-shaped 
stage of the embryo the endosperm shows 
signs of digestion. 

The wall of the mature seed is made up 
of two layers of thickened cells represent- 
ing the remains of the integument and a 
single layer of endosperm. 

No fertility gradient was found in the 
capitulum and only those florets which 
were unfertilized failed to set seed. 

It is with pleasure that I acknowledge 
the helpful advice of Professor P. Mahesh- 
wari and the facilities which he provided 
at the Botany Department, University of 
Delhi, where this work was carried out. 
My thanks are due also to Dr B. M. Johri, 
of the same department, for his assis- 
tance, and to Professor N. C. W. Beadle, 
of the University of New England, 
for his advice on a number of points 
which arose during the preparation of 
this manuscript. 
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THE ROLE OF MORPHOLOGICAL PALEOBOTANY IN 
THE BOTANICAL SCIENCES 
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Historically, morphological paleobotany 
gained its first great impetus as a result of 
the publication in 1859 of Darwin’s “The 
Origin of Species’’ which shifted the 
interest in morphology from the general 
or causal viewpoint of Hofmeister and 
Sachs to the special or comparative mor- 
phology of the new students of evolution. 
The almost contemporaneous discovery of 
excellently preserved fossil plant material 
in the ‘‘ coal balls” of Great Britain and 
Western Europe along with the presence 
of such investigators as Williamson, Scott, 
Bower and Seward made the next 50 years 
a period of great and rapid progress in the 
new field. The advance from that period 
to the present, while slowed at times, has 
continued so steadily that today we find 
morphological paleobotany and general 
comparative morphology almost syno- 
nyms, with Wardlaw (1952) defining 
morphology as “The record of plant 
development during remote ages, together 
with the comparative study of living 
forms ”. 

It was perhaps only natural that the 
enthusiasm engendered by the many new 
discoveries led to early excesses in inter- 
pretation to fit preconceived popular 
theories. Monophyletic evolutionary 
trees were constructed which seemed to 
solve all of the mysteries of plant evolu- 
tion. Figure 1 taken from Haeckel’s (1892) 
“The History of Creation ” illustrates 
a good example of this trend. It may 
be noticed that at least the subterfuge 
of connecting groups by dotted lines had 
not as yet reared its ugly head. 

The early enthusiasms, however, soon 
became tempered by realizations that the 
gifts of morphological paleobotany were 
not without their analogies to other 
ancient gifts such as the shirt of Nessus 


rw 


= 


and the Trojan horse in that they as often 
as not created more difficulties than they 
solved or even brought sudden death to 
favoured concepts. The rapid recognition 
of homoplastic or parallel development 
in major groups along with the disclosures 
of the distinctness of many groups farther 
and farther back into geological time 
necessitated the recognition of the concept 
of polyphyletic origins, while works such 
as Bower’s (1930) ‘ Size and Form in 
Plants” showed that supposedly basic 
anatomical features such as stele type 
might vary with the increase in size of the 
organ, i.e. that stelar morphology might 
be due to “‘causal’’ factors as well as 
“ phyletic ” factors. 

Since most early morphological paleo- 
botany was primarily concerned with 
(as D. H. Scott stated in 1896) “ The 
tracing of (plants) real relationships with 


one another, and thus ultimately cons-. 


tructing a geneological tree of the vege- 
table kingdom ’’, itis probably appropriate 
here to review briefly the development 
of our concept of the origin (or origins) 
of the land flora itself on the basis of 
present paleobotanical evidence. 

Bower (1908) in his “ Origin of the Land 
Flora”, Church (1919) in his “ Thalassio- 
phyta”’, and Fritsch (1916, 1939, 1945) 
in numerous publications have all postu- 
lated various types of origins of the domi- 
a sporophytic stage of the present land 

ora. 


serves to illustrate the variable approaches 
to the basic problem of creating true 
land plants from aquatic ancestors. 

It is generally agreed that the basic 
requirements for land vegetation were a 
cuticle (on vegetative epidermis and re- 


productive spores) along with stomata, 


! 


Most of their evidence is based on. 
comparative studies of living plants but 
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mechanisms for sexual reproduction with 
a minimum or absence of outside water 
and specialized conductive tissues. 

Paleobotanical material permits little 
knowledge of the actual processes of sexual 
reproduction in fossil plants but we find 
that even the remaining criteria can exist 
in a number of puzzling forms. Fossils 
such as the early Devonian Nematothallus 
have been described as thalloid forms a few 
centimeters in size consisting of a reti- 
culum of tubes suggesting an analogy to 
the water conducting tubes of vascular 
plants with cuticularized spores scattered 
among the tubes. Prototaxites, ranging 
from the Upper Silurian to the Upper 
Devonian, presents even greater problems 
of interpretation in its Jarge size (up to 3 
feet or more in diameter) and a reported 
length of over seven feet. Here again 
a plant, at first thought to be vascular, 
now seems more likely to represent a 
highly specialized form of alga. 

A number of workers have postulated 
that Nematothallus with its cuticularized 
spores may constitute the aerial portions of 
Prototaxites and like other cutinized algal 
forms such as Foerstia (Protosalvinia) and 
Parka may represent intermediate stages 
in the algal’ conquest of land through 
gradual adaptation to a periodic exposure 
to air in the paleozoic tidal zones. 

Andrews (1956, 1960) has presented 
theoretical discussions of this landward 
migration of what he feels were a large 
and varied group of semi-land adapted 
algal forms. In his paper on the Upper 
Devonian Crocalophyton he describes a 
curious plant which seems to have had 
primitive vascular cells specialized for 
lateral rather than vertical conduction 
which he felt might have served to conduct 
water inwards during the periods of 
submergence. Andrews points out in this 
and his later paper on “ Evolutionary 
trends in the early vascular plants ” that 
there is an apparent tremendous stretch 
of geological time between the first proven 
existence of algae and the first known 
appearance of land plants. He cites the 
evidence of algal growth as deduced 
from algal-limestones dated at around 
2,700 million years described by 
MacGregor (1941) from material found in 
S. Africa and indisputable evidence from 
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the work of Tyler & Barghoorn (1954) of 
forms resembling blue-green algae and 
simple fungi from structurally preserved 
plants found in pre-Cambrian rocks in 
southern Ontario dated at 14 to 2 billion 
years. Using these points as indicators 
of the presence of aquatic thallophytes 
we come up through the time scale over 
2 billion years [with the exception of the 
somewhat dubious vascular plant, Aldeno- 
phyton, reported by Krishtofovich (1953) 
from the Cambrian of eastern Siberia] 
to the Mid-Silurian plants of Australia 
before we have our first evidence of true 
land plants. Admitting that these are 
plants of considerable complexity indicat- 
ing a long period of prior evolution and 
that recent fossil spore studies have shown 
the existence of a varied assemblage of 
plant life clear back into the Cambrian, 
there is still an almost incomprehensible 
period of nearly 2 billion years in which 
algae apparently existed and evolved 
prior to their ascent on the land. 

The reasons for this apparent delay in 
migrating to a dry land habitat are, of 
course, purely speculative but again And- 
rews (1956) offers the suggestion that it 
may have been due to environmental 
factors such as tremendous primeval 
tides‘ creating a littoral zone, surround- 
ing the oceans, ofsuch turbulence as to 
render the landward migration impos- 
sible’. 

Whatever the reasons, the existence of 
this very great period of time for algal 
evolution is held by many to provide 
additional basis for believing in the 
polyphyletic origin of land plants from a 
wide diversity of intermediate forms of 
which such examples as Nematothallus, 
Crocalophyton, etc., are probably just a 
very small representation. 

The monophyletic viewpoint has 
received strong support from such workers 
as Emberger (1944), Lam (1948), and 
Zimmerman (1930) on the basis of the 
Psilophytales and particularly such plants 
as Psilophyton, Rhynia and Horneophyton. 
Kidston & Lang’s (1917-1921) discovery 
of the Rhynie chert flora with its beauti- 
fully preserved Middle Devonian plants 
seemed to provide complete confirmation 
of the predictions of Bower and earlier 
workers that the original primitive Jand 
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plant would be a rootless, leafless axis, 
with a simple vascular strand, terminated 
by a sporangium. “Zimmerman particular- 
ly has found here the essentials for his 
telome theory for the derivation of all the 
features of the other major plant groups. 

As shown in Figs. 2 and 3, starting with 
a dichotomously branched, leafless shoot 
through the various processes of “ over- 
topping’, “ planation’, “ fusion”, “‘ re- 
duction’, “ vecurvation’’, and “ longitu- 
dinal differentiation ”, Zimmerman derives 
both megaphyllous and microphyllous 
leaves as well as the sporangial positions 
characteristic of the Lycopsida, Sphenop- 
sida, and Pteropsida. 

If paleobotanists could have stopped 
with the discovery of these few Psilophytes, 
all would have been well. However, 
when the solution seemed certain, they 
continued to turn up more and more 
fossils of as great or greater age and with 
such wide diversity of form that such a 
distinguished worker as Leclercq (1954) 
was recently led to state, “ the plant asso- 
ciations of the Middle Devonian reveals 
an average level of differentiation much 
too high to have issued from the almost 
contemporaneous Psilophytales ” 

Such early land plants as the Silurian 
Baragwanathia exhibits a size and com- 
plexity much greater than the so-called 
typical Psilophytes and seems to show 
a close affinity to the Lycopsida in the 
spirally arranged leaves some of which 
bear axillary sporangia. The Sphenop- 
sida also appear to predate many of their 
supposed ancestral Psilophytes. Climacio- 
» phyton and Spondylophyton are both from 
_ the Lower Devonian while Calamophyton 
bicephalum (Leclercq & Andrews, 1960), 
recently investigated from the Middle 
Devonian of Belgium, shows a large 
plant with complex fertile appendages 
each bearing six pairs of pendulous sporan- 
_ gia which according to the authors appear 
homologous with leaves. 

The order Psilophytales as a whole is 
rapidly being recognized as an artificial 
one which now serves as a repository for 
many plants of unknown affinities merely 
‘because they cannot be forced into any 
other ready-made taxonomic drawer. 

To summarize then, our present con- 
| cepts on the origin of the land flora may be 
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either monophyletic through the Psilo- 
phytales or polyphyletic with separate 
highly developed semi-terrestrial algal 
groups giving rise directly to the Lycop- 
sida, Sphenopsida, and Pteropsida as well 
as possibly to other groups which did not 
survive and of which we have at present 
little or no knowledge. The paleobotanical 
evidence may be used to support either 
view although it is my personal feeling 
that the recently accumulated data sup- 
port a complete polyphylesis. 

In any case, the distinctness of the 
vascular cryptogam group is a very 
ancient condition whether they ever had 
a common origin or not and has led in 
recent years to the new systems of classi- 
fication in which the old Pteridophyta 
and Spermatophyta have been replaced 
with the Tracheophyta under which the 
Psilopsida, Sphenopsida, Lycopsida, and 
Pteropsida are all given equal rank. 
This change was necessitated not only 
because of the recognition of the long 
lines of separate development but because 
of such paleobotanical discoveries as the 
Pteridospermae which removed the basic 
distinction between the old Pteridophyta 
and Spermatophyta. 

While our knowledge of fossil angio- 
sperms is still too incomplete to have had 
any effect on modern systems of classi- 
fication in this group, Arnold (1948) has 
proposed a classification of the gymno- 
sperms on the basis of fossil evidence which 
I feel has considerable merit. Ashe points 
out, the naked condition of the seed is a 
stage through which all seed plants un- 
doubtedly passed and probably is not as 
important as the manner in which the seed 
is borne. He accordingly eliminates the 
term gymnosperm and redistributes the 
known naked seeded plants (both living 
and fossil) in three classes; the Cycado- 
phyta, in which the leaves are large-frond- 
like and the seeds leaf borne, the Conifero- 
phyta in which the leaves are generally 
small-simple and the seeds stem borne, 
and the Chlamydospermophyta which in- 
cludes the Gnetales and Ephedrales. 

Thus we see that morphological paleo- 
botany has played a fairly major role in 
our concepts of both plant evolution and 
plant classification. Itis, however, in the 
field of morphogenesis of the plant body 
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even more than its phylogeny that paleo- 
botany has played an important part in 
formulating new concepts. We have al- 
ready touched upon some of these aspects 
since, of course, no consideration of evolu- 
tion can exist outside of the comparative 
morphology of its various and separate 
organs. We have however come a long 
way from Goethe’s (1790) metamorphosis 
with his philosophical concept of “ Alles 
ist blatt”; all the way to the various 
applications of Zimmerman’s telome 
theory in which it might be said “ Alles 
ist stamm ” 

Zimmerman’s almost universal applica- 
tion of his telome theory to the metamor- 
phosis of all other parts of the plant body 
is primarily of merit if one accepts the 
monophyletic concept of all vascular 
plants having arisen from a leafless, 
rootless, dichotomously branched form 
such as Rhynia or Horneophyton. How- 
ever, some additional support for the origin 
of megaphyllous leaves from sterile telomes 
is the type of leaf anatomy found in certain 
Devonian and Carboniferous plants. 
Figure 4 of Botryopteris trisecta from the 
investigations of Mamay & Andrews 
(1950) illustrates the condition in which 
the so-called leaf has an anatomy inter- 
mediate between stem and leaf. As stat- 
ed by the authors, “ Botryopteris trisecta 
is of interest in that its appendages are 
distinct units arranged on the stem after 
the fashion of fronds, but the latter are 
dimensional and in so far as presently 
known, without a lamina, thus presenting 
characters of a leaf, yet one that is but 
little advanced from a unit of the shoot 
sytem. Secondary pinna are often 
radially symetrical protosteles and resem- 
ble stems”. In such plants as the 
Devonian Aneurophyton the parts of the 
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plant which resembled leaves and appa- 
rently functioned as such were shown to 
have a stele identical with that of the main 
stem. In Microspermopteris (Baxter, 1949) 
the stem produces distichous branches 
which are anatomically identical with the 
main axis (Fig. 8). These branches 
continue to produce 2-ranked off-shoots 
in a single plane so that a flat fan-like 
growth pattern was produced similar to 
the reconstruction shown in Fig. 5. 

Microspermopteris is of particular in- 
terest in presenting a psilophyte-type 
growth pattern in a plant of Upper Car- 
boniferous Age which in all its other mor- 
phological and anatomical characteristics 
seems clearly allied to the seed ferns. 
It seems obvious from this and the other 
examples mentioned that the evolution of 
the large megaphyllous leaf was still going 
on in late paleozoic times in a number 
of different groups. 

Another application of the telome 
theory has been presented by C. L. Wilson 
(1950) in a study of the stamens of the 
Melastomaceae. He offers the theory that | 
these and possibly other angiosperm 
stamens can be derived from the telomes 
of a psilophyte-type plant. As shown in 
Fig. 6 the stamen results from a complete 
reduction of a dichotomous system in 
which the stamens of the living Melas- 
tomaceae seem to have retained a few 
basal vestigial parts. 

Zimmerman ’s (1956) application of what — 
seems very much like the telome theory 
in his “basipetal shifting”? theory of 
stelar medullation (Fig. 7) seems, however, 
to be straining the point unnecessarily. 
The medullation of steles of the fossil 
lycopods which may vary on one plant ! 
from protosteles in small twigs to sipho- 
nosteles in larger branches can only be 
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pinna traces). Fig. 4. Reconstruction of part of vascular system of Botryopteris hie en 
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explained as a transformation of the type 
shown in part B of Fig. 7. 

The axillary branching characteristic of 
the higher plants is another morphological 
feature regarding which paleobotany has 
had some information to offer. Axillary 
branching has been shown to occur in a 
number of carboniferous plants. It has 
been demonstrated most clearly in various 
stems of the Cordaitales described under 
the organ genus, Mesoxylon. Traverse 
(1950), Maslen (1930), and others have 
described a number of species in which 
the double branch traces arise from 
opposite sides of the upper part of the 
leaf gap, ascend at a steep angle through 
the cortex and fuse into a stele before 
entering the branch base. This condition 
is essentially identical to that in most of 
the living Pteropsida. In Mesoxylon 
birame (Baxter, 1959), however, the double 
branch trace never fuses but each becomes 
a stele for one of a set of twin branches 
in the leaf axil (Fig. 10). Whether this 
represents a primitive or highly specialized 
condition we do not know, but if it is the 
former it may explain the almost universal 
double branch trace as a retention from 
the primitive double branch system. 

Other examples of axillary branching 
are known in the coenopterid fern Anky- 
ropteris glabra where (as shown in Fig. 9) 
in a transverse section of the node the 
H-shaped leaf petiole is separated from 
the stem by an axillary branch. A num- 
ber of specimens of this species have been 
described in some of which the branch aris- 
es as a secondary division of the primary 
foliar strand similar to the case in Botryop- 
teris. The possibility exists accordingly 
that the branching in Ankyropteris may 
not be truly axillary but rather just a 
combination of leaf and stem characters 
occurring in a single plane. 
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Several kinds of branching have been 
demonstrated for Sphenophyllum a primi- 
tive member of the Sphenopsida. In 
addition to dichotomous some specimens 
have been observed to produce whorls of 
branches alternate with the leaves in a 
manner comparable to that found in 
Equisetum. An example of this whorled 
type of branching is shown in Fig. 11 of 
a transverse nodal section of Sphenophyl- 
lum plurifoliatum from the Upper Carboni- 
ferous of Iowa. 

Probably one of the most outstanding 
examples of the influence of paleobotany 
on morphological concepts has been the 
work of Florin (1939) which has gone far 
to explain the structure of modern conifer 
cones. The series from the Carboniferous 
Cordaianthus to the present involved a 
reduction of the secondary fertile branches 
(dwarf shoots) which occurred in the axils 
of slender-pointed bracts. Accompany- 
ing this reduction there was an inversion 
of the few remaining ovules and a fusion 
of the few remaining sterile parts (Fig. 12). 
As Wilde (1944) states in her excellent 
application of Florin’s evidence to a study 
of the genus Podocarpus, ““ It must be 
concluded that the ovules in the present 
day conifers are Zerminal on fertile appen- 
dages of the disappearing shoot which are 
now fused with similar sterile appendages 
to form the ovuliferous scale. ’’ Applying 
the fossil evidence to Podocarpus Wilde 
has reached the conclusion that the male 
“cones ”” are also the result of a similar 
evolutionary series and that ‘“ both male 
and female fertile branches — are com- 
posed of homologous secondary fertile 
branch units’’. However, as Arnold 


(1947) has pointed out, there are the ! 


difficulties of transforming the arau- 
carian type pitting and long strap- 
shaped leaves of the Cordaiteae to the 
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ermopteris aphyllum var. kansensis showing transverse section of 
Fig. 9. Ankyropteris glabra showing from top to bottom: petiole, 
Fig. 10. Mesoxylon birame, transverse section of stem showing de- 


é x 8. 
transverse section of stem at node surrounded by 


Fig. 11. Sphenophyllum plurifoliatum showing 
whorl of three branches produced alternately 
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Cordaianthus 
pseudofluitans 


N 


Lebachia piniformis 


Pseudovoltzia Liebeana 
Walchia germanica 


12 Seed-scale complex 
of modern conıfer 


equivalent features in many of the modern 
conifers which still need to be explained 
away if we are to assume a direct line 
of descent. 

Many other botanical concepts such as 
those relating to the evolution of the seed 
and the angiosperm ovary have also been 
influenced by fossil material. In these 
fields, however, the.evidence has been more 
often confusing than not, so that (as in the 
case of seed-like structures) we may find 
ourselves no longer even able to exactly 
define the term. 

As Emberger (1944) and others have 
pointed out, the complete absence of 
embryos in the seeds of the Paleozoic 
Cordaites and Pteridosperms indicates 
that these plants shed megasporangia 
enclosed in integuments, that is ovules 
rather than true seeds with embryos, 
The question is accordingly raised as 
to whether these plants should not 
be classified separately from the other 
seed plants as Emberger does in his Pre- 
phanerogams. 

In the field of surmise on the develop- 
ment of the angiosperm ovary also we 
find ourselves with varied fossil material 
giving rise to several conflicting theories. 
Thomas (1939) has discussed a theoretical 
evolutionary trend from the Paleozoic 
seed-fern cupule to nearly angiosperm 
forms of the Mesozoic. In other papers 
he has postulated this line of develop- 
ment leading up to the present in such 
genera as Drimys, Trochodendron, and 
Magnolia. Needless to say the evidence 
is so incomplete and fails to fit in so many 
ways that any other theory would seem 
equally likely. Along this line some of 
my graduate students are now describing 
a fertile Taeneopteris from the Kansas 
Upper Carboniferous (Cridlan & Morris, 


<—— 


Fic. 12 — Diagrammatic chart of the develop- 
ment of the modern conifer seed-scale complex 
from the Upper Carboniferous Cordaianthus 
pseudoflvitans and Lebachia piniformis through 
the Lower Permian Walchia germanica and Upper 
Permian Pseudovoltzia liebeana. (Modified from 
Wilde, 1944). 
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1960) with what appear to be numerous 
naked ovules or seeds borne along the 
margin of the leaf blade. 

I have purposely tried to avoid, in this 
presentation, the usual review of the 
fossil forms of specific taxonomic groups 
except as it was unavoidable in describ- 
ing the morphogenesis of certain organs. 
However, it seems self-evident that our 
concepts of such groups as the Articulates, 
Lycopods, Cycadales, Ginkgoales, etc., all 
owe a great debt to paleobotanical mor- 
phology. 

In conclusion we might mention some of 
the ways in which paleobotany has played 
a Pandora role in botanical concepts. 
Sahni’s Pentoxyleae from the Jurassic of 
India is probably an excellent example. 
As stated so well by Sahni (1948), ‘ Some 
discoveries in science help, or appear to 
help, in the solution of old standing prob- 
lems; others — and these are perhaps the 
more interesting —seem to create new 
difficulties in our path. My object here is 
to draw attention to a recently recognized 
group of plants which defies classification 
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and presents a new problem in our under- 
standing of the evolution of the gymno- 
sperms. — When we try to ascertain the 
place of the Pentoxyleae in this broad 
classification we are faced with a real 
difficulty. While in their seed attach- 
ment they are clearly Stachyosperms 
(Coniferophytes) and they also have 
coniferous type of wood, their stomatal 
structure is fundamentally bennettitalean, 
the vascular anatomy of the leaves is 
truly cycadean and the general anatomy 
of the stem is unique. ” 

The Crocalophyton of Andrews and the 
recent disclosures regarding Archeop- 
teris and Callixylon (Beck, 1960), which 
combines what were previously thought 
to be primitive fern leaves with the trunk 
of one of the largest Cordaitalean trees, 
is still another example of the difficulties 
which paleobotany sometimes creates in 
our current concepts. However, as stated 
by Sahni it is really the fossil material 
which does not fit into our present pre- 
conceived niches which offers us the most 
hope of real progress. 
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DEVELOPMENT OF THE BRACKEN FERN, PTERIDIUM 
AQUILINUM (L.) KUHN.— III. ONTOGENETIC 
CHANGES IN THE SHOOT APEX AND IN THE 

PATTERN OF DIFFERENTIATION 


JOAN E. GOTTLIEB & TAYLOR A. STEEVES 


University of Pittsburgh, Pittsburgh 13, Pennsylvania and University of Saskatchewan, Saskatoon 
Canada 


Introduction 

Pteridium, with its leafless main stems, 
offers an example par excellence of the 
autonomy of the shoot apical meristem. 
Shoot extension and the process of tissue 
differentiation in the long shoot of the 
adult plant are accomplished without 
interaction from leaf primordia, the leaves 
being borne on side branches or “ short 
shoots”. The structure of this remark- 


able apex has been extensively described 
by Klein (1884), Chang (1927), and 
Webster (1957). Briefly, the long shoot 
apical mound is elliptical in outline and is 
displaced at an acute angle to the hori- 
zontal axis by an upgrowth of cortical 
parenchyma from the lower side of the 
rhizome (Fig. 1). The apical meristem, 
as defined for the ferns by Wardlaw (1943), 
consists of a single, superficial layer of 
narrow, elongate, prismatic cells (very 


Fries. 1-6 — Fig. 1. Longi-dorsiventral section of a Pteridium sporeling apex at the one medul- 
lary bundle stage. x 67. Fig. 2. Longi-dorsiventral section of a sporeling short shoot apex showing 
the terminal position of the apical meristem and the bluntness of the growing tip. x 67. Fig. 3. 

"A short shoot-apex showing a prominent, triangular-shaped leaf apical initial to the left of the 
shoot meristem. x 134. Fig. 4. The apex of a young sporeling showing the large, rectangular 
apical cell and the third leaf. x 67. Fig. 5. The apex of a five-leaf sporeling showing the ground 
meristem (arrow) in the sub-apical region which is continuous below with mature pith. x 67. 
Fig. 6. The broad apex of an 8-leaf sporeling, just preceding forking. x 67. 
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phenolic in adult Pteridium material), 
which extends down the flanks of the 
apical mound and ends where the cells 
become segmented into smaller units. In 
the center of this layer in Pteridium is a 
large, two-sided apical cell, easily distin- 
guished by its size and its vacuolate 
appearance. Directly under the apical 
cell and its immediate prismatic deriva- 
tives is a zone of large, vacuolate cells 
which Webster recognizes as the “ sub- 
apical zone”. Marginal to and subtend- 
ing this enigmatic cell nest is an extensive 
“ prestelar zone ’’ (Wardlaw & Wetmore, 
from Wardlaw, 1950) of small, tannin-free 
cells which represents the first stage in the 
differentiation of the stele. 

Since the transition from a leafy to 
leafless main axis is made in the sporeling, 
a study of the changes in apical configu- 
ration during sporeling development has 
been made. The changes occurring in the 
vascular cylinder will be correlated as far 
as possible with those of the apex, parti- 
cularly at the critical stages outlined 
previously (Gottlieb, 1958). It must be 
admitted at the outset that identical orien- 
tation of the apex was not possible, nor 
was an identical number of apices exa- 
mined, for every stage described. How- 
ever, the high level of consistency and the 
gradual transition obtained certainly per- 
mit a few valid generalizations. 

During the upright growth stage, the 
apical mound is small and roughly circu- 
larinoutline. Longitudinal sections were, 
therefore, all made in a plane which would 
bisect the alternately produced leaves 
(see diagram). Leaves 7 and 8 are formed 


just prior to forking and at right angles’ 


to the earlier sporeling leaves. The shoot 
apex becomes very flattened and the 
apical mound is oval-shaped, with the 
Jargest diameter in line with the plane of 
leaf production. Consequently, orienta- 
tion was easiest at the forking stage, and 
longitudinal sections were made parallel 
with this broadest plane. 

Sections of the apex during the rhizoma- 
tous stage are particularly difficult to 
orient. At this time the apical mound is 
shifting from the terminal position of the 
sporeling to the dorsally displaced, in- 
clined position characteristic of the adult. 
It is markedly elliptical in shape, with 
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the broadest part of the mound roughly 
parallel to the plane of leaf and short- 
shoot production. Consequently, although 
transverse and longitudinal-oblique 
sections were made as indicated in the 
diagram to show the longest dimension 
of the apical mound, many were not suc- 
cessful in cutting the apical cell medianly. 
Therefore, supplementary longitudinal- 
dorsiventral sections, which reveal the 
shortest diameter of the apex, had to be 
made. With painstaking care in perus- 
ing serial sections of this latter type, the 
extent of the apical mound can be mea- 
sured quite accurately since all sections 
are ten microns thick and it is necessary 
only to count the sections in which the 
prismatic cells can be seen and then 
multiply by ten. These measurements 
were checked by dissections of living 
apices and by measurements of free hand 
sections through the apical mound at the 
proper angle in the larger, more advanced 
stages. 

The short-shoot apex will not be con- 
sidered in this report. In the adult, the 
short-shoot apex terminates a rather 
blunt axis tip, and is similar to the long- 
shoot apex in being oval shaped (Fig. 2). 
However, unlike the long-shoot apex, 
that of the short shoot is associated with 
the production of leaves and represents 
material for a separate study of frond 
initiation and leaf influence on the configu- 
ration of the sub-apical regions. 


Changes in the Shoot Apex During 
Sporeling Development 


The metamorphosis of the sporeling 
shoot and stele in Péeridium has already ! 
been reported (Gottlieb, 1958, 1959). 
It was with a view toward providing some 
insight into the factors involved in the 
complex ontogenetic development that 
an investigation of the shoot apex was 
carried out, since this is the controlling 
site of the changes. 

The general configuration of the apex 
remains surprisingly constant throughout 
development. There is always a lenti- 
cular apical cell which is truncated at its 
apical (exposed) surface (Fig. 1) and which, 
therefore, appears three-sided (lens- 
shaped) in transverse section. In young 
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sporeling apices this apical cell often ap- 
pears somewhat truncated at both its 
basal and apical ends (Fig. 4) s> that it 
has a rectangular configuration in longi- 
tudinal section. In either case, the single, 
large, apical cell is flanked by a layer of 
narrow, elongate, prismatic cells. At the 
margin of the prismatic layer, leaf pri- 
mordia are initiated during the upright 
and early rhizome stages and short-shoot 
primordia arise later in the manner 
reported by Webster (1957). It is worth 
noting here that all leaf primodia in 
Pteridium, unlike those reported by 
Steeves (1951) and Wardlaw (1949, 1956) 
for other ferns, appear to be wholly super- 
ficial at their inception, comprising one 
enlarged, vacuolate, lenticular surface cell 
(Fig. 3). Only after this leaf apical cell is 
well established does meristematic acti- 
vity become visible in the sub-surface 
layers and leaf extension begin. 

THE UPRIGHT STAGE — During the 
protostelic stage the shoot apex (Fig. 4) 
is immediately subtended by two or three 
layers of small cells comprising the “ pre- 
stelar ’’ zone and this grades into the elon- 
gate procambial cell zone which still 
further down matures into a solid vascular 
core. Upon medullation (Fig. 5) a true 
median section of the apex reveals that the 
prestelar zone directly below the apical 
cell is scarcely recognizable as such; its 
cells are large and vacuolate, and conti- 
nuous below with the maturing pith paren- 
chyma. Wardlaw (1945), Wetter (1954) 
and others have shown that the vascular 
and medullary tissues of ferns originate 
by further division of the inner segments 
of the prismatic cells. This same pre- 
cocious vacuolation and enlargement may 
be seen occasionally along the flanks of 
the prestelar zone in the region of a leaf 
trace where leaf-gap parenchyma is to 
develop instead of vascular tissue. 

Oddly enough, although the shoot apex 
as a whole increases more than twofold 
during the brief upright stage, the ratio 
of apical cell diameter to apical mound 
diameter decreases. To state this more 
precisely, the apical cell seems to remain 
‘fairly constant in size while the apex as 
a whole gets bigger. Thus the apex of the 
advanced upright stage (Fig. 6) has es- 
sentially the same sized apical cell as the 
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initial shoot apex, but many more pris- 
matic cells. The possible significance of 
these observations will be considered in 
the discussion. As the end of the upright 
growth stage is reached, the apex as a 
whole has more than doubled in diameter 
and has changed in general outline from 
round and dome-shaped to flat and broad. 

THE TRANSITIONAL STAGE — Although 
the distal dichotomy of the upright 
Pteridium sporeling has been recorded in 
the Jiterature for some time, no attempts 
have been made to investigate the apex 
at this critical stage and to establish the 
exact nature of the branching!. Since 
median sections of branching apices are 
usually fortuitous and rare, it seems that 
in Pteridium, where at least this first 
dichotomy occurs at a predictable stage, 
the chances for obtaining sections of divid- 
ing apices would be statistically better. 
To this end, about forty plants, each with 
seven to nine leaves, were fixed and sec- 
tioned in the manner described earlier 
(Gottlieb, 1959). From these slides it is 
clear that the apex, preparatory to its 
first division (which establishes the rhi- 
zome system), is flat and broad (measuring 
170 microns across the prismatic layer at 
its widest point) and that there is a single, 
large apical cell in the center, apparent- 
ly neither raised nor sunken (Fig. 6). 
During this division of the early sporeling, 
two apical cells are constituted and im- 
mediately cut off segments to their inner 
sides (toward the center of the apex) so 
as to become separated away from one 
another. These are now the apices of the 
two rhizomes respectively (Figs. 7, 8). 
However, the origin of these two rhizome 
apical cells bears further comment. 


1. A recent paper by Dasanayake (1960) 
asserts that the new rhizome apices arise from 
“buds ”’ on the flanks of the original sporeling 
apical cell. Mr. Dasanayake refutes the obser- 
vations of Hofmeister (1857), Bower (1923) and 
Gottlieb (1958) who term the branching a 
“dichotomy.” This is purely a semantic argu- 
ment. Although the ‘equal division ’’ of the 
vegetative apex does not involve the apical cell 
itself, it is nevertheless an equal division, and the 
term dichotomy is perhaps more accurate than 
the term “ bud.”’ A complete description of the 
actual establishment of the rhizome apices is 
contained within this paper. There is no 
disparity with Mr. Dasanayake’s report except 
in terminology. 


Fics. 7-10 — Fig. 7. The upright shoot apex at forking. 


PHY TOMORPHOLOGY 


Es 


CUVE: FT 
. ans ER ; 


The original shoot initial (arrow) 


is flanked by the two new rhizome initials. X 150. Fig. 8. L.s. through the two new rhizome 


apices soon after their formation. 


The shoot initials (the right one is a little off the median) may 
be seen as well as the underlying prestelar tissue. x 75. 


Fig. 9. A longi-dorsiventral section of 


the rhizome at the early “ plunge ” stage, showing the slightly sub-terminal position of the apical 


meristem. x 75. 


A controversy centers around the role 
of the original apical cell during dicho- 
tomy of the fern shoot. Cross (1931 — 
on Osmunda) summarizes the most widely 
accepted view, namely that the apical 
cell divides mitotically into two equal 
daughter cells, each then functioning as 
the apical initial of a branch. Sperlich 
(1908 —on Nephrolepsis) suggests that 
a second apical cell develops from a seg- 


Fig. 10. A longi-oblique section of the rhizome apex (arrow) at the single 
medullary bundle stage, showing the origin of a short-shoot apex (double arrow). 
tinuity of the prestelar tissue below the two apices. x 75. 


Note the con- 


ment (prismatic) of the original shoot 
initial and that these two apices now di- 
verge into the rhizome branches. A 
third possibility, proposed by Steeves 
(1951 — on Osmunda) is that branching 
may be accomplished by the cessation 
of growth of the old apical cell and an 
establishment of two new apices from the 
prismatic cells immediately adjacent. He 
pictures the old apical cell as segmenting 
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into a number of smaller cells, similar to 
the segmentation of the prismatic cells 
at the margins of the apical meristem. 
Successful slides of Pteridium at the 
forking stage support the observations of 
Steeves. Interpretations of slides which 
fix a continuous process at a given instant 
must necessarily be somewhat subjective, 
but careful observation of four longitudi- 
nal series through transitional sporeling 
apices reveal the origin of the new rhi- 
zome apices from prismatic cells, the shoot 
apical cell having terminated its meriste- 
matic activity. No evidence of the seg- 
mentation of contents which Steeves 
reported was observed, but this may be 
the ultimate fate of the original apical 
cell. Webster (1957) obtained a fortuitous 
section of an adult Pteridium long-shoot 
apex in the process of equal dichotomy, 
and she illustrates the original apical cell 
_ subdivided, sitting between two mounds 
of equal size, each with its own new apical 
cell, and each ostensibly the apex of an 
equal branch fork. However, in unequal 
branching (such as would result in the 
production of a Pteridium short-shoot), 
Webster presents evidence that the short- 
shoot initial is derived from a segment of 
_ the original shoot apical cell, and she sug- 
gests that the role of the apical cell may 
differ in equa] and unequal branching. 
Occasionally three-rhizome Pteridium 
sporelings arise by a simultaneous appear- 
ance of three new shoot apices from the 
parent axis. If we may assume that the 
central part of an apex (perhaps the apical 
cell itself) exerts a control over the lateral 
- portions of the meristem, then an inter- 
pretation of this is possible. During the 
upright stage the shoot apex increases in 
size, reaching a maximum in Pleridium 
at about the eight leaf stage. It is pos- 
sible that the center of the apex (or the 
apical cell which does not increase propor- 
 tionately) does not exert sufficient inhi- 
bitory control to prevent the formation 
- of new growth centers in the meristem 
region when the formative region has 
attained this size. The result of such 
a situation might well be the formation 
of two, or more rarely three, new growth 
centers, depending upon the vigor of the 
plant. In a few weak individuals this 
_ division may not occur at all, or one of 
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the two centers may be suppressed, and 
one-rhizome plants result. 

THE RHIZOME APEX — The most strik- 
ing change in the shoot apex once rhizomes 
have been established is its gradual 
shift in position. During the initial 
plunge stage (Fig. 9) it more or less termi- 
nates the axis, protected only by a mat of 
multicellular hairs. As soon as levelling 
occurs, the cortical tissues of the ventral 
part of the rhizome, by allometric growth, 
protrude beyond the apex proper, forming 
an advancing, protective pad which is 
continuotsly pushed ahead of the delicate, 
active apex as it extends the rhizomes 
through the soil (Fig. 1). Thus the 
growing tip is protected from mechanical 
destruction by its location at the bottom 
of a padded pit and by the dense hairs 
which surround it. The changing angle 
of the apex at this stage makes its position 
so unpredictably variable that good longi- 
tudinal sections are extremely difficult to 
make. Even when ultimately stabilized 
in position, the apical mound may vary 
in different plants, from a 40° to a 79° 
angle with the horizontal (Webster, 1957). 
It is during the rhizomatous stage too, 
that the apex gradually becomes filled 
with phenolic materials, and by the time 
the mature stelar pattern is attained and 
adulthood reached, the cells of the apex 
are so filled with black staining granules 
that sections must be bleached (as de- 
scribed by Webster) in order that their 
constituent areas can be recognized. 

Short shoots arise as arrested shanks of 
unequal division of the long-shoot apex and 
appear in longitudinal section as smaller 
apical mounds on the flank of the parent 
long-shoot apex (Fig. 10). The short- 
shoot apical cell is relatively narrower 
and shallower than that of the long shoot; 
the short-shoot apex as a whole is a little 
more blunt than that of its parent. 

In a previous report (Gottlieb, 1959) 
allusion was made to the retention of 
vascular connections between leaf and 
long shoot in sporeling material long 
after the short-shoot habit was stabilized. 
From a detailed study of sporeling onto- 
geny, it is now evident that the shift in 
leaf production from the long to the 
short-shoot apex is a gradual, and ini- 
tially plastic process. In view of the 
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à 5 I - 7 = E 
SHOWING THE ORIENTATION OF MICROTOME SECTIONS OF TH 
peat PTERIDIUM SPORELING SHOOT APEX 


upright stage 


longitudinal sections 
made parallel to the surface of the 
paper so as to bisect both young leaves 
as illustrated. 


forking stage 


longitudinal sections 
made parallel to the surface of the 
paper so as to cut the broadest di- 
mension of the apex. 


transverse sections 


rhizomatous stage made perpendicular to the surface of 
t the paper and angled as shown by 
line t-t 


be 


longitudinal-oblique sections 


made perpendicular to the surface of 
N paper and angled as shown by 
ine |,-I 


o "0° 


lateral ridge 


longitudinal-dorsiventral sections 


28 made parallel to the surface of the 
paper and perpendicular to the lateral 
ridges as shown by line lay-lay. 
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transitional nature of the sporeling gene- 
rally, these “‘ vestigial ’’ connections are 
perhaps not surprising, but they are of 
considerable developmental interest, both 
phylogenetically and morphogenetically. 
The morphological fact of their existence 
- remains to be explained in terms of the 
differentiation process at the shoot apex. 

The most favorable material for such 
developmental investigations are longitu- 
dinal-oblique sections of advanced sporel- 
ing long-shoot apices in the process of 
unequal division (resulting in the produc- 
tion of a short shoot). Unfortunately, 
it has not yet been possible to time the 
furcations with great precision, and, while 
oblique orientation of the shoot in sec- 
tioning may produce good longitudinal 
sections of the apical meristem, the poten- 
tial stelar tissue below is usually cut at an 
undesirable angle. Only one long-shoot 
apex has been sectioned thus far which 
showed the early origin of a short shoot 
(Fig. 10) and by following the serial sec- 
tions carefully, the prestelar zone could be 
traced as a broad band subtending both 
the apical meristems of the long and the 
short shoot as the latter is set off. No 
leaf initials were visible in this specimen, 
although some evidence exists from dis- 
- sections of adult branching apices (Webs- 
ter, 1957) that the first leaf of the short 
_ shoot may arise immediately after branch- 
ing is completed and before the long and 
short-shoot apices become far removed 
from one another. 

A great deal of evidence has been 
gathered in recent years to indicate that 
the apical meristem exercises physiological 

- control over the differentiation of vascular 
tissue in the shoot below. If it can be 
demonstrated conclusively by additional 
investigation of branching sporeling apices 
that the first leaf to be borne on the short 
shoot is determined or initiated before 

the prestelar zones of long and short 
shoots are clearly separate, then it is not 
inconceivable that the leaf vascularization 
may be partly influenced by the long-shoot 
apex. Certainly the consistent derivation 
_of the leaf traces from both long and short 
- shoot in the sporeling is suggestive of this. 


Webster (1957) has recently described ~ 


the histological appearance of the adult 
‚long and short-shoot apices in Péeridium. 
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Her observations have been summarized 
in the introduction. Numerous apices of 
rhizomatous sporelings have been sec- 
tioned during this work and a few compa- 
rative points may be à propos here. The 
apical meristem is virtually identical 
throughout the rhizomatous stage in 
general configuration and differs from the 
layer in adult material mainly in orien- 
tation and size, that of the sporeling 
rhizome being 1/3 to 1/2 as large and show- 
ing a gradual increase toward the adult 
dimensions. No sub-apical zone of en- 
larged, highly vacuolate cells has been 
observed in sporeling material, although 
Webster lists this as a conspicuous feature 
of the adult apex. Perhaps this is a fea- 
ture of the apex once size and sub-apical 
configuration have been maximized, or 
perhaps rapid greenhouse development 
precludes formation of such a presumably 
sluggish meristematic region. 
Immediately beneath the apical meri- 
stem in sporeling rhizomes is an extensive 
band of cells comprising the prestelar 
zone and representing the uppermost 
limit of the stele, before most of its dis- 
tingushing patterns can be recognized. 
The cells of this region are small and the 
zone is about 90 to 130 microns thick and 
0:7 to 2 mm in its broadest dimension. 
The smaller figures represent data 
averaged from young rhizomatous spore- 
lings (at the first medullary bundle stage) 
and the larger dimensions are for advanced 
sporelings (at the second medullary bundle 
stage). The prestelar tissue is essentially 
composed of two types of cells; one type 
is densely cytoplasmic (staining with fast 
green) with conspicuous, large nuclei, and 
these cells are directly continuous below 
with the strands of elongate procambium. 
In sporeling material viewed in longitudi- 
nal-dorsiventralsection, these procambium 
strands, or potential vascular tissue, vary 
from three to four in number, depending 
respectively upon whether there is one 
medullary bundle or two in addition to 
the dorsal and ventral peripheral ones. 
Between the provascular elements of the 


' prestelar zone are groups of small, highly 


vacuolate cells (which stain densely with 
safranin) and are continuous below with 
the pith tissue. Some of this ground 
meristem may possibly become the sub- 
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apical region reported by Webster (1957) 
for the adult. Thus the prestelar region 
(in rhizomatous material as well as in up- 
right sporelings) is a heterogeneous zone, 
in continuity below with the complex 
vascular system. 

SIZE CHANGES DURING ONTOGENY — 
Table 1 represents a compilation of data 
on various size relationships at successive 
developmental levels. The measurements 
of apical size refer to the diameter of the 
entire prismatic layer. In the case of 
oval shaped apices, the broadest diameter 
was measured. The measurements of 
shoot and stele diameters in the rhizome 
were taken in line with, but not including, 
the parenchymatous lateral ridges. 
Shrinkage from fixation and dehydration 
is very slight, since spot checking by 
apical dissections and hand sections of 
living material of the larger, rhizomatous 
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stages yielded measurements which were. 
within the size ranges obtained from 
similar preserved and processed plants. 
Certain consistent trends may thus be 
traced in the interrelation between apical 
and shoot ontogeny. 

The measurements recorded in Table 1 
clearly indicate a marked increase in 
apical size during sporeling ontogeny 
such that the apex of a sporeling at the 
second medullary bundle stage is approxi- 
mately three times as large as that of a 
sporeling at the one-leaf stage. A further 
increase to a final adult size is indicated 
by the measurements made by Webster 
(1957). The importance of such a size 
increase in interpreting the associated 
increase of stelar complexity must cer- 
tainly be evaluated. From this point of 
view, however, the measurements which 
show an increase of shoot diameter, and 
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TABLE 1— SIZE RELATIONSHIPS IN THE SPORELING SHOOT SYSTEM OF 


PTERIDIUM 
STAGE No. oF AVERAGE SIZE No. oF RHIZOME STELAR DIAMETER AND 
APICES OF APEX AND TRANSVERSE DIA- DESCRIPTION 
COMMENTS SECTIONS METER 
OF STEM 
1 leaf 6 79u apical cell rel. 5 380u. 1404 protostele no lignin 
ene large deposited yet 
ea 4 88u 5 5604 240u ectophloic siphono- 
stele pith = 664 first 
ligne deposited endo- 
ermis dark staining 
5 leaf 4 1104  sub-apical 5 640u 3204 amphiphloic sipho- 
nr cells vacuolate nostele pith = 1301 
ea 5 1584 apex mark- 5 800u. 440u two-strand dictyo- 
edly broadened stele internal phloem 
and endodermis com- 
lete 
8 leaf 127170 8 i 
8 % u 3 1-3 mm. 880u at forking 
anes) stage of 6 170u 4 1-6 mm 9004 dorsiventral, two 
strand dictyostele; 
ventral bundle largest 
1st med bundle 4 2004 apex sunken 4 24mm 1:3 mm origin of Aree 
ees a variable medullary bundle 
gle 
2nd med bundle 4 250% 4 40 mm _ 2:8 mm origin of second 
Sh. sh-==_ sh. sh.= medullary 
N bundle 
20mm 1:5 mm 


adult 
long shoot = 0:5-0:55 mm 
transitional = 0:32-0:40 mm 
short shoot = 0:15-0:2 mm 


apical sizes from Webster (1957) 


Hand sections of living material made and measurement averages confirmed. 


_ — EE = _ 2 per 2 | 
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especially of stelar diameter, during spore- 
ling ontogeny may be of greater signi- 
ficance. During the same period in which 
the apex undergoes a three-fold increase 
in diameter, the shoot undergoes a 10-fcld 
increase and the stele a 20-fold increase. 
_ At the one-leaf stage, the rhizome diameter 
is approximately five times that of the 
apex and the stelar diameter less than 
twice. At the second medullary bundle 
stage, the rhizome is over 15 times as 
broad as the apex and the stele over 10 
times. Such measurements indicate that 
one of the most prominent features of 
sporeling ontogeny is an increase in 
the amount of expansion which accom- 
panies differentiation in the sub-apical 
region of the shoot, and particularly in 
the stele. 


Discussion 


One of the most striking features of fern 
ontogeny is a steady and considerable 
size increase, affecting the shoot and apical 
diameters and the stelar dimensions. 
That this increase in physical size is regu- 
larly accompanied by increases in anato- 
mical complexity has been of long standing 
interest to botanists, both anatomically 
_ and experimentally. 

Bower (1920, 1923, 1930, 1937) was the 
- first to stress the fact that increase in size 
goes hand in hand with increase in vas- 
cular complexity. In explaining this 
“ size-structure correlation, ’’ he referred 
to the obvious mathematical principle 
_ that in any enlarging object of constant 
- shape, the surface increases as the square 
of the linear dimensions, but the volume 
increases as the cube. Thus, to maintain 
an efficient surface/bulk ratio, the fern 
vascular system cannot merely expand 
with the enlarging stem, but must break 
up or otherwise change in shape. Bower 
_ pointed to the endodermis as the “ limit- 
ing” surface, and Wardlaw (1924) postu- 
lated that the surface ratio of living 
parenchyma to dead conducting tissue 
was critical Wardlaw (1947) suggests 
that a “large surface of interchange ” 
must be maintained between tracheids 
and parenchyma. Thus the protostele 
must become convoluted, or some of its 
| potential tracheary tissue must be con- 
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verted to parenchyma as it enlarges as, 
for example, in medullation. 

The functional advantage of stelar 
elaboration accompanying shoot size in- 
crease has thus been proposed, but the 
factors which control the synchronization 
are still obscure. Wardlaw (1947, 1951) 
points to the apical region as the seat of 
some of these factors and suggests of 
particular value studies relating to the 
size of the apical meristem, the initial 
differentiation and position of the stelar 
tissue, and comparative growth rates of 
cortical, vascular, and medullary tissues. 
In Pteridium, the three-fold increase in 
apical size is accompanied by a twenty- 
fold increase in stelar diameter and a ten- 
fold increase in shoot diameter. In the 
tree fern, Cyathea (Wardlaw, 1948), there is 
a seven to ten-fold increase in the dia- 
meter of the growing point and a 100-fold 
increase in the size of the shoot. In both 
ferns, the adult apex is an enlarged re- 
plica of the small, sporeling apex but the 
sub-apical regions are markedly different, 
being permeated with large areas of 
potential fundamental tissue. In Pteri- 
dium the expansive, prestelar zone which 
subtends the apex proper is soon broken 
up into alternating bands of parenchyma 
and procambium. 

It is clear now from in vitro culture of 
intact apices (Ball, 1946; 1950a, b, c; 
1951) or even of surgical division of apices 
into as many as twenty parts, (Sussex, 
1952, Snow & Sussex, 1953) that the pre- 
sence of a section of active apex with its 
basipetally moving products is capable 
of reconstituting an entire plant body in 
time, complete with the distinct stele, 
phyllotaxis and shoot morphology of 
the species. R. & C. Wetter (1954) have 
postulated that the development of 
a large shoot-is dependent upon the acti- 
vity of a large apical meristem, and 
while it is logical that a large apex is 
needed to produce a large and complex 
shoot, the mechanisms involved are still 
obscure. 

Wardlaw (1952, 1956) has indicated 
that, in sharp contrast to the distal meris- 
tem of ferns, the sub-apical and maturing 
regions may undergo very extensive 
changes during development. Evidence 
for this has now been gleaned from the 
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Pteridium sporeling. During the initial 
upright stage, there is a solid disc or cap 
of prestelar cells which is continuous 
below with the protostelic core of vascular 
tissue. As the apex expands, ground 
meristem appears in the center of the 
prestelar zone correlated with medullation 
and continuous below with mature pith. 
During the rhizomatous stage, stelar ex- 
pansion results initially in “ perforation ” 
of the periphery of the prestelar zone 
with ground meristem, and finally, when 
the medullary or axial vascular strands 
appear, the prestelar zone is virtually 
peppered with zones of presumptive vas- 
cular and fundamental tissue. The onto- 
genetic details of this stelar elaboration 
have already been outlined (Gottlieb, 
1959). What is important here is that a 
definite size increase can be followed in 
the apical meristem and the sub-apical 
regions during these changes, and that this 
size increase is roughly six or seven times 
as great in the sub-apical regions as it is 
in the meristematic layer. 

These data bring up several pertinent 
problems which can be dealt with here 
only speculatively. It has been demons- 
trated that there is a considerable but 
disproportionate size increase affecting 
the apical meristem and the sub-apical re- 
gion, the latter showing the more striking 
expansion, ostensibly in relation to stelar 
elaboration and parenchymatization. Now 
the question arises as to why increase in 
size occurs. Possibly the shoot summit 
has an inherent tendency to increase as 
much as its nutritional status will allow. 
As the sporeling leaves increase in size 
and complexity, their contribution of 
photosynthates to the subterranean shoot 
system undoubtedly increases. In a pre- 
vious paper (Gottlieb, 1959) the initial 
internal expansion of the shoot was cor- 
related with external changes in the 
appendages. Even perforation, which has 
no direct relation to the foliar organs 
or short shoots, is probably in part a 
manifestation of an increased nutritional 
level. Wardlaw (1947, summary) has al- 
ready demonstrated for dictyostelic ferns 
(Onoclea sensibilis, Dryopteris austriaca, 
Angiopteris evecta) that starvation of the 
stem by defoliation will induce reversion 
to sporeling stages, and in several indivi- 
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duals, he obtained attenuated specimens 
with simple protosteles and juvenile, 
entire leaves. If perforation of the stele 
is Jikewise a result of increasing size follow- 
ing accumulated nutrition, it should be 
possible to test this experimentally by 
growing rhizomatous sporelings in vitro 
on controlled media. Such an experi- 
mental program has been carried out and 
will be reported subsequently. 

It would appear that the increase in 
size of the sub-apical region is normally 
dependent to some extent upon an increase 
in the size of the meristem. If the initial 
differentiation of vascular tissue may be 
referred to the action of substances diffus- 
ing from the apical meristem (Wardlaw, 
1944), it seems reasonable that the 
amounts of such substances would depend 
partly upon the size of the meristem. 
Since the amount of stelar tissue shows a 
very real increase during the ontogeny 
of Pteridium, it may be assumed that the 
increase in apical size which parallels it 
(though in smaller magnitude) is a neces- 
sary corollary. 

However, why the two size increases 
should be disproportionate is less easy 
to rationalize. It may not be possible for 
the apical meristem to enlarge beyond 
certain limits imposed by its single apical 
cell structure. In the young sporeling, 
it has been suggested that the initial 
forking which initiates rhizome establish- 
ment may result from the inability of the 
relatively small apical cell to control the 
flanks of the meristematic cone and 
inhibit the formation of new growth 
centers. Then, too, the disproportionately 
large increase in sub-apical size is due 
mainly to increasing amounts of ground 
tissue in the stele, and the differentiation 
of pith is certainly less complex than that 
of heterogeneous and very specific vas- 
cular elements. Consequently, the sub- 
apical region may enlarge in response 
to the general vigor of the plant and 
still be adequately supplied by metabol- 
ites from the considerably smaller apical 
meristem. 

The problem remains for Pteridium as 
to why mere size increase should be 
accompanied by increased anatomical 
complexity. Wardlaw (1948) has sug- 
gested that the “ mode of distribution of 
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metabolites’’ and the development of 
“mechanical stresses ” in the formative 
regions may be factors. The difference 
in magnitude between the size increases 
in the meristem and sub-apical zones 
suggest certain possibilities in line with 
this hypothesis. For example, if subs- 
tances diffusing basally from the apical 
meristem are important here, then the 
changing size relations between the two 
regions may result in a difference in the 
distributional pattern of such substances 
and subsequently to breakup of the vas- 
cular cylinder. The origin of the medul- 
lary vascular system from the ventral 
part of the prestelar region was cited 
(Gottlieb, 1959) as an example of possible 
differential distribution of substances 
within this zone. 

The ontogeny of the Péeridium sporeling 
may be controlled very precisely in vitro 
by nutritional manipulation of the sub- 
strate. If this cultural control of the stele 
can be correlated with corresponding 
control of the apical meristem, then an 
experimental approach to Bower’s size- 
structure correlation may be open. It 
may even be possible to pin point the 
specific roles of certain metabolites in the 
differentiation process. 


Summary 


Changes in the shoot apex of the Pteri- 
dium sporeling have been considered 
against the background of anatomical and 
morphological change outlined in previous 
papers. The general configuration of the 
apical meristem is fairly constant through- 
out development. There is always a 
lenticular apical cell flanked by a layer 
of prismatic cells. However, important 
changes may be followed in the sub-apical 
regions and in the size relations between 
the meristematic layer and the prestelar 
zone. 

During the upright stage, the broadest 
dimension of the apex roughly doubles 
in size from 80 to 170 microns, but the size 
of the apical cell remains almost constant. 
The stele increases from about 140 to 880 
microns. Initially the prestelar zone is 
a solid cap of provascular tissue, but 
upon medullation, a central region of 
ground meristem can be discerned. The 
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forking of the upright axis preceding 
rhizome establishment is discussed in its 
various manifestations. It appears that 
forking is accomplished by the cessation 
of growth of the shoot initial and the es- 
tablishment of two new apical cells from 
prismatic cells immediately adjacent. It 
is suggested that during the upright stage 
the apex may reach a maximum size at 
which the center (the small apical cell) 
is no longer able to control the flanks and 
new growth centers are established, the 
number of these being typically two, but 
this is dependent to some extent upon 
the vigor of the individual. 

During the rhizomatous stage, the 
apex gradually shifts from a terminal to 
an angled position at the shoot summit 
and loses its ability to produce leaf pri- 
mordia. There is parenchymatization of 
the periphery of the prestelar zone as the 
stele becomes enlarged and perforated. 
In connection with this, the short shoot 
and leaf vascularizations are interpreted 
from a development point of view and 
size measurements indicate that the stele 
is increasing from 0°9 to 3 mm while the 
apex enlarges from 170 to 250 microns. 

The significance of these findings is 
discussed in relation to Bower’s size- 
structure correlation and with a view 
toward a new experimental approach. 
The disproportionately large increase in 
the diameter of the sub-apical zone (in 
contrast to the more modest increase 
in the superficial meristem) is dealt with 
at length and it is suggested that the 
change in size relations may lead to differ- 
ences in distributionalpatterns of diffusing 
metabolites and subsequently to the com- 
plex breakup of the vascular cylinder. 
Experimental approaches to some of the 
problems are suggested. 
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RAMIFICATION OF SIGILLARIA AND LEPIDODENDRON 
AND THE TELOME THEORY 


P. GREGUSS 
Department of Botany, University Szeged, Hungary 


Treating the telome theory, Zimmer- 
mann (1949) derives the other types of 
branching and the issuing organizations 
from the primeval dichotomous ramifica- 
tion. This he explains the coming into 
existence of monopodial ramification out 
of primeval dichotomy by the so-called 
“ Übergipfelung ” (overtopping) pheno- 
menon. On the other hand, he also 
derives the unbranched telome from dicho- 
tomy by way of “ reduction ”. He pre- 
sumes the latter, I think, to justify his 
opinion that mosses are descendants 
of dichotomously ramifying sea-weeds. 
Mosses, however, have unbranched sporo- 
phytes, or in Zimmerman’s opinion — 
telomes. 

This opinion of his has to be revised 
on the basis of the latest paleontologic 
data, which indicate that spores of Hepa- 
ticae and Musci may have occurred to- 
gether not only in the Ordovician and the 
Cambrian but also in the Precambrian. 
Consequently their appearance is a good 
deal earlier than the so-called “ Thalassio- 
_phyta” era which makes the derivation 
of mosses from sea-weeds very doubtful 
(Eisenach, 1948; Krystophovich, 1953; 
Ljubitzkaja, 1959; Merker, 1959; Obrhel, 
1959). 

The theory of Zimmermann has besides 
these two principles mentioned above 
three others: “ planation’, “ interlacing 
- in the leaf ” and “ interlacing in the axis ” 
and also the phenomenon of “ recur- 
vation’’. Of these five principles I shall 
discuss only the first one, the “ Uber- 
gipfelung ” or “‘ overtopping ’ as it seems 
to contradict some clearly perceptible 
phenomena both theoretically and practi- 
cally (Lam, 1957). ; 

_ In the opinion of the author it is impos- 
sible to derive monopodial ramification 
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from true dichotomy. This is justified 
by the following conception. Let us 
think of a perfectly dichotomously ramify- 
ing sea-weed of larger dimensions like the 
brown-alga, Dictyota dichotoma.  Dichoto- 
mous branching belongs to the funda- 
mental nature of this plant as it is ramify- 
ing dichotomously in every case not only 
now but we may assume was ramifying in 
the same way several million or may be 
milliard years ago as well. Therefore, 
the ability of dichotomous ramification 
must have existed not only in the un- 
branched lower part of the plant but also 
in the initiatives of the lateral branches 
as well. If this would not have been 
so there ought to have been differences 
in the development of the lateral branches 
at the beginning, and if such a difference 
appears at the beginning, the ramifications 
has never been dichotomous but mono- 
podial. In the opinion of the author 
the primordia of the lateral branches 
carry the faculty of dichotomous rami- 
fication with them from the beginning 
and retains it as outer factors do not 
change one type of ramification to the 
other. 

But let us suppose that in consequence 
of exceptional food-conditions one of the 
branches develops, nevertheless, through 
“ Ubergipfelung ”’ to a higher degree than 
the other. Even then this cannot mean 
that it has completely lost its faculty 
for dichotomy. In connection with this 
a second question arises: why does just 
this one branch develop to a higher degree 
than the other though in dichotomous 
ramification the food is conducted from 
the base to the lateral branches equally. 
And even if one of the branches is at 
first lagging behind in its development it 
cannot have lost its ability for dichotomous 
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ramification, likewise, the faster grow- 
ing branch cannot have lost it either. In 
other words the faculty for dichotomy can 
not have turned all at once under the 
influence of hypothetical outer conditions 
into the faculty of producing monopodium. 

The author also believes that a change 
from dichotomy into monopodium cannot 
take place as a consequence of overexpan- 
sion. Therefore, the source of the origin 
of dichotomy as well as monopodium has 
to be sought for much earlier in the period 
when during the course of racial evolu- 
tion the unicellulars turned into multi- 
cellulars in the forms of dichotomous, 
monopodial, and verticillate types, as 
Zimmermann states it in the case of some 
fresh-water algae. 

DEVONIAN PERIOD — These primeval 
types of ramification seem to have existed 
not only in the Devonian Period but still 
earlier in the Silurian and Cambrian as 
well. The Rhyniaceae, belonging to the 
Psilophytales of the Devonian Period, 
which have been thought to be branching 
dichotomously, now seem to have had 
monopodial branching. Merker (1959), 
when investigating the newly discovered 
prothallium of Rhynia, observed at the 
transition from the prothallium to the 
sporophyte a distinct tightening: “ Eine 
Einengung’ beim Übergang Rhizom-Luft- 
spross spricht nicht fiir dichotome Verzwei- 
gung. ” The microphyllous Psilodendrion 
was also ramifying in a definitely mono- 
podial manner. The branching of the 
leaves and the veins of Protopteridium 
minutum is, on the contrary, without any 
exception dichotomous while the rami- 
fication of Calamophyton reineri is verticil- 
late. So these three basic types of rami- 
fication have existed at the same time and 
at the same place and on the basis of the 
former theoretical argumentation, the 
author opines that one could not have 
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originated from the other (see also Lec- 
lercq, 1952). 

CARBONIFEROUS PERIOD — The same 
phenomena are to be seen in the Carboni- 
ferous period. Paleontological literature 
and present opinion hold that the ramifica- 
tions of Sigillaria and Lepidodendron have 
developed on the principle of dichotomy 
not only in the stems but also in the stig- 
marian rhizophores. The slender body of 
Sigillaria, living in company with Lepi- 
dodendron, did either not ramify at all, 
or if it did, the furcating at the top of the 
stem was dichotomous and so was the 
branching of their stigmaria. According 
to the author, however, it cannot be 
stated definitely by the fossil remains of 
Lepidodendron that the ramification of 
Lepidodendron has been true dichotomy. 
He does not believe the ramification in 
the living specimens Lycopodium and Sela- 
ginella to be true dichotomy either but 
only pseudodichotomy which can be 
retraced to monopodial branching. This 
is of very high importance from the phy- 
logenetical point of view. 

In the Geological Institute of Berlin 
several beautiful fossilized Lepidodendron 
are exhibited where the ramifications are 
to be seen very distinctly (Figs. 1-3). 
If the two branches are measured imme- 
diately above the ramification, one of 
them is always found to be somewhat 


thicker and stronger than the other. | 


A ramification resulting in such unequal 
branches cannot be true dichotomy but 
only pseudodichotomy, and this can be 
retraced to monopodial ramification. 
Figure 2 shows that the more developed 
branch is at the ramification, 14 mm 
thick while the other, thinner branch is 
only 7 mm. The same relation is to be 
seen in Fig. 3 as well (reproduced from 
Gothan-Weyland, 1959). In both the 
specimens the monopodial ramification 
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Fics. 1-4 — Fig. 1. Monopodial branching of Lepidodendron oldhamium (obtained through the 


courtesy of Director Remy). X natural size. Fig. 2. Enframed part of Fig. 1. 
branches is 14 mm, the lateral branch issuing from it only 7 mm thick. x 3. 


One of the principal 
Fig. 3. Lepidodendron 


veltheinit. Chief branch 10 mm, issuing lateral branch only 5 mm. Gothan-Weyland’s “ Lehrbuch 


der Palaobotanik’’ Abb. 193. x natural size. 
ramification. 
row. 12 leaf-scar rows are seen 
Deviation of branches 90°. x } 


Fig. 4. Sigillaria elegans Brongn. 
the ramification is 15, 7 on each side of the middle 
on each of the lateral branches, Lateral branches 25 mm thick, 


Number of the leaf-scar rows below 


Dichotomous. 


—. 
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is quite distinct. The same can be said 
of Fig. 65 of Mägdefrau (1956). 

The stems of Lycopodium and Sela- 
ginella living today also exhibit a similar 
condition. Figures 5 and 6 show the 
detail of the stem of the biciliate Lycopo- 
dium complanatum where the two branches 
separate. If the ramification would be 
dichotomic, the structure of both vascular 
bundles ought to be equal. But the 
figures show that the vascular bundles are 
not only differently developed but their 
structure is also different. In really 
dichotomous polyciliate Psilotum, how- 
ever, the two vascular bundles are per- 
fectly equal in their development (Figs. 
7, 8). This one feature alone shows that 
Psilotum cannot belong to the Lycopsida 
but only to the Pteropsida which could be 
proved by other arguments, too. Still 
widely held opinion that the Lepidoden- 
dron of the Carboniferous Period were 
also ramifying dichotomously is, therefore, 
definitely to be modified. 

The situation is quite different in the 
case of the Sigillaria. The ramification 
of these was really dichotomous and not 
pseudodichotomous, as the two branches 
were of exactly the same size and equally 
developed which is proved by measure- 
ments. Figure 4 (after Potonié-Gothan, 
1921) shows a true dichotomy verified by 
the arrangement of the leaf-scar rows on 
the stem. Immediately below the bifur- 
cation the number of the leaf-scar rows 
is 15, seven on each side of the middle 
row. The diameter of the stem at the 
base of the ramification is 50 mm while 
that of each of the branches is 25 mm. 
_ This true dichotomy is also verified by 
the number of leaf-scar rows on each 
branch. On the marked place there were 
12 leaf-scar rows on the right branch as 


well as on the left one. True dichoto- 
mous ramification is further verified by 
the direction of the leaf-scar rows coming 
from below, by the direction of the rows 
proceeding into the later branches and by 
the 90° angle of deviation. It is accord- 
ingly not a case of developing one lateral 
branch or monopodium but of two equally 
forked branches. 

The dichotomous Sigillaria and the 
monopodial Lepidodendron differ not only 
in their ramification, but also in other 
important characteristic features like the 
point of insertion of the organs of re- 
production and the nervation of leaves. 
Therefore, these primeval Pteridophyta 
could not have been closely related. Their 
branching shows fundamental differences, 
the origin of which has to be traced back 
to the primeval Cormophyta, to the begin- 
ning of the evolution of the Psilophytales. 

The author considers dichotomy and the 
fork-like branching of the nervure to be 
first line marks of the Pteropsida (macro- 
phyllous fern characters) while monopo- 
dial ramification is considered to be a 
characteristic of the microphyllous Lycop- 
sida. Accordingly the anatomical charac- 
teristics of Sigillaria make it necessary 
to look for its relatives among the macro- 
phyll Pteropsida and not among the mi- 
crophyll Lycopsida. 

If we take into consideration that in 
the Carboniferous Period the monopodial 
Lycopsida, the dichotomous Pteropsida, 
and the verticillate Sphenopsida, were 
all developing together, the question 
arises whether the three ramification types 
of the Carboniferous Period did not deve- 
lop out of three similarly ramifying but 
more primitive chief types of Lycopsida, 
Pteropsida and Sphenopsida of the Devo- 
nian Period. 


ae 


Fies. 5-11 — Fig. 5. Pseudodichotomous ramification of Lycopodium complanatum imme- 


diately above the furcation showing distinct difference in the stage of development between the 
leading bundles of the two branches. X 30. Fig. 6. Magnified view of bundle sheath with two leading 
bundles. The right branch shows more and better developed tracheids. x 150. Fig. 7. T.s. stem of 
Psilotum triquetrum immediately above the ramification. x 30. The leading bundle knots are equally 
developed; true dichotomous ramification. Fig. 8. Detail of bundle from Fig. 7. In the rectangle 
‚the equal development of the two bundles is obvious. x 150. Fig. 9. One of the primary leaves of 
Agathis vobusta showing dichotomous branching. X +. Fig. 10. Enlarged view of the ramose leaf. 
The ribs of the leaves are parallel and ramify dichotomously (Atavistic phenomenon). x 2. Fig. 
… 11. In one of the leaves the ribs are ramifying in some places in a definitely dichotomous manner 
‚(Fern feature). x 8. 
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In his recent book Remy (1951) classified 
the primeval shrubs of the Devonian 
Period in three groups: Protolycopsida, 
Psilopsidophyta, and Protosphenopsida 
or Protoarticulatae. If we accept this 
hypothesis it can also be supposed that 
these are the three principal basic types 
which retained, though sometimes in an 
obscure form, the primeval forms of rami- 
fication up to the seed-plants (Schoute, 
1914). 

It is interesting that this phenomenon 
can sometimes appear in an atavistic 
form, too. The author regards also that 
phenomenon as such is an atavistic one, 
when the parallel-veined primordial leaf 
of Agathis australis, which belongs to the 
Araucariaceae, branches on its apex dicho- 
tomously similar to the leaf of Ginkgo. 
But not only the blade of the leaf but also 
the nervation inside the leaf is forked 
similar to the nervure of Ginkgo (Figs.9-11). 
In the opinion of the author this pheno- 
menon is no extraordinary occurrence 
with Agathis, as Agathis has retained 
besides this fern feature other specific 
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fern characteristics as well which seem 
to support the relationship between Arau- 
cariaceae, Ginkgoaceae and Cycadaceae. 
So besides the dichotomous ramification 
of the ribs it can be mentioned that in 
some Araucaria polyciliated spermato- 
zoides similar to Cycas and Ginkgo may be 
demonstrated. This points definitely to 
a macrophyllous fern character. 

Considering the above mentioned facts 
and comparing the ramification of Lepi- 
dodendron and Sigillaria, the author feels 
that hypothesis comes more and more to 
the front that in the phylogeny of the 
Cormophyta there existed from the begin- 
ning not just one dichotomic type but 
three primeval archtypes; a dichotomic, 
a monopodial, and a verticillate type were 
present side by side and evolved, indepen- 
dent of each other, to the present most 
developed state. This, on the other hand, 
seems to sustain the hypothesis that the 
evolution of the Cormophyta has been 
polyphyletic from the very beginning 
(Greguss, 1918, 1955; Greguss & Koz- 
lowski, 1959; Remane, 1952). 
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THE FUNCTIONAL SIGNIFICANCE OF SYNCARPY 
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Introduction 


For many years an apparently futile 
controversy has raged between morpho- 
logists concerning the classification of 
syncarpous gynaecia, that is, those consist- 
ing of two or more carpels which are not 
separate from each other throughout 
their whole length. Troll (1928, 1931, 
1932, 1933a, b) has maintained the view 
that the gynaecia of certain genera (e.g. 
Nigella, Nymphaea, Limnocharis), held 
by other authors to be syncarpous, are 
in fact apocarpous, that is, their carpels 
are essentially separate from each other, 
although they are welded together to 
form a single structure. According to 
Troll, to be regarded as syncarpous (we 
prefer to use this word rather than his 
““ coenocarpous ’’) the carpels must form 
a structure in which there is a common 
paracarpous portion above the loculi 
(where there is more than one) however 
difficult it may be to detect such para- 
carpy. This means that there must be 
either a single loculus with parietal or 
free-central placentation or a portion of 
the gynaeceum where the loculi are in 
connection with each other, the septa 
being incomplete (Figs 1-3). Arber (1942) 
took Troll to task for quibbling over the 
artificial division of syncarpous gynaecia 
into what may be called (for the purposes 
of this note) ‘“ pseudo-syncarpous ”’ and 
““ eu-syncarpous ’ types. She says: “he 
is disinclined to admit gradations between 
apocarpous genera and those with axile 
placentation. Nigella may be taken to 
show such transitional characters, but 
Troll . . . regards the union of the carpels 
in this case as something quite different 
from the union which occurs in a syncar- 
pous gynaeceum.”’ Eames (1931) also 
‚regards Nigella as a “simple and un- 


doubted case of syncarpy, of follicles 
highly fused ”. It is perhaps unfortunate 
that Troll has not been content to limit 
his definition to the occurrence of a para- 
carpous portion in what we have called 
the “ eu-syncarpous ”’ gynaeceum, but 
distinguishes between this and a “‘ pseudo- 
syncarpous ” gynaeceum by assuming 
that in the latter the carpels must become 
fused by upgrowth of stem tissue between 
them, thus including all cases in which 
such an upgrowth could be shown to take 
place. Both Arber (1942) and Baum 
(1949b) have denied the existence of such 
stem tissue between the carpels of Nigella. 
Baum (1948, 1949 a, b) and Leinfellner 
(1941, 1950) have shown quite conclu- 
sively that post-genital fusion takes place 
quite commonly in the development of 
multicarpellary gynaecia, resulting in the 
production of a single structure (i.e. 
syncarpy) due to ultimate union of carpel 
primordia which arise separately. Baum 
(1949a) has criticised Troll’s concepts on 
the ground that they ignore the occur- 
rence of post-genital fusion between the 
carpels in “ pseudo-syncarpous ”’ gynaecia. 

Troll (1957) has avoided reference to 
the gynaecia of controversial genera. 
Baum (1949a) has agreed that the gynaecia 
of Hydrocharitaceae, Limnocharis, Nym- 
phaeoideae, Pomoideae, Triglochin, and 
Exochorda (Spiraeoideae) are “ pseudo-syn- 
carpous’”’ but does not consider the 
gynaecia of Nigella, Phytolacca (Schaeppi, 
1936-37), Abutilon or Ochna (Baum, 1951) 
to be so. It might appear that the whole 
matter has been something of a morpho- 
logical “storm in a teacup’ — best 
forgotten while other, more urgent prob- 
lems require investigation. We feel that 
this is far from true, and we wish to 
draw attention to an important differ- 
ence between eu-syncarpous and pseudo- 
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syncarpous gynaecia in the mechanism 
of fertilization. This difference has far- 
reaching physiological and evolutionary 
consequences. 


The Path of the Pollen Tube in 
the Gynaeceum 


In flowers with separate carpels the 
pollen tubes pass directly from the stig- 
matic surface along the transmitting 
tissue of the style to the ovule or ovules. 
In the simplest cases (e.g. Tasmannia — 
Brown, 1840; Degeneria — Bailey & 
Swamy, 1951) a stigmatic surface is deve- 
loped over the whole of the ventral suture 
of a conduplicately-folded, leaf-like carpel, 
so that the pollen tubes pass directly 
inwards, from the stigmatic surface to 
the ovules situated just below it. Once 
inside the ovary, the pollen tubes grow 
down the furrow of a bilobed placenta 
(Hanf, 1936; Arber, 1937) the individual 
tubes turning off right and left towards 
the micropyles of the ovules (Renner & 
Preuss-Herzog, 1943), but very little is 
known of the path from the base of the 
style to the placentae. Detailed descrip- 
tions of the path of the pollen tube in 
gynaecia of flowering plants are rather 
scarce, despite the assiduity of botanists, 
notably Schleiden (1849), in the last 
century, in dissecting-out pollen tubes 
complete from the pollen grain to the 
micropyle (Schnarf, 1929). Coulter & 
Chamberlain (1919) dismiss the subject 
by saying that “in many cases... (the 
pollen tube) must traverse more or less of 
the cavity (of the ovary), being ‘ guided’ 
to the micropyle”’. The fact that there 
are well-defined tracks along which the 
pollen tubes grow has been firmly estab- 
lished in some plants (see Borthwick, 1931; 
Arber, 1937; Pope, 1913; Capus, 1878; 
Dalmer, 1880). 

According to Schnarf (1929) there is no 
authentic case of pollen tubes growing 
across an air-space in the cavity of the 
ovary, and growth takes place in, or more 
usually on the surface of, specialised tis- 
sues. These transmitting tissues are 
strictly localised, particularly in the ovary. 
The lack of growth of pollen tubes over 
parts of the internal surface of the ovary 
other than these special tracks is probably 
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due to the presence of a layer of cuticle 
over the whole of the internal surface of 
the ovary, or at least of those parts which, 
during the ontogeny of the flower, develop 
before the closure of the carpel or of the 
gynaeceum. Dalmer (1880) noted the 
presence of the cuticle lining the inner 
wall of the ovary of Mahonia aquifolium. 
We have examined many species of both 
monocotyledons and dicotyledons and we 
have never failed to observe the presence 
of a layer of cuticle, often rather thick, 
over the internal surfaces of the ovary 
and its contained structures. The cuticle 
covering the transmitting tissue (the 
specially constructed, pre-determined pol- 
len tube tracks) is either extremely thin 
or it is lifted up by secretions from the 
underlying cells (Dalmer, 1880). The 
greater availability of nutrients from these 
cells than from their neighbours offers a 
plausible explanation for their action as 
pollen tube guides. Despite the consider- 
able attention given to them in Schnarf’s 
(1929) monograph, the exceptional cases 
in which the pollen tubes are able to 
penetrate the cuticle lining the cavity of 
the ovary and its structures are relatively 
very few. In the same way, instances 
are known of the inability of pollen to 
germinate on cutinised surfaces of stigmas, 
e.g. Douglasia vitaliana, (Schaeppi, 1934); 
Heliotropium and Tournefortia (Capus, 
1878). 

In apocarpous genera there is no possibi- 
lity of pollen germinating on the stigma 
of one carpel and fertilizing the ovules of 
another. This is true whether the carpels 
are quite separate (as in Ranunculus) or 
whether they have, during development, 
become fused to form a pseudo-syncar-# 
pous gynaeceum (as in Nigella). In both 
cases the gynaeceum is functionally 
apocarpous. On the other hand, the situ- 
ation in a eu-syncarpous gynaeceum is 
quite different. This is readily apparent 
in unilocular gynaecia with parietal placen- 
tation (Troll’s “ paracarpous ” gynaecia). 
In Reseda, as depicted by Arber (1942), 
two carpels take part in the formation of 
each stigmatic surface (Fig. 4). Pollen 
tubes growing down the transmitting tis- 
sue may take a track to either of two pla- 
centae, each of which is formed from the 
fused margins of two carpels alternating 
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Figs. 1-3. Stylidium eglandulosum F. Muell. ( drawn from Mueller, 1892). Fig. 1. 
A fruit. x 19. Fig. 2. The gynaeceum of a mature flower cut longitudinally to show paracarpy 
of the uppermost part of the ovary. x 19. Fig. 3. Septum after removal of ovary wall. x 19. 
Fig. 4. Diagram of gynaeceum of Reseda, slit longitudinally and spread out-(modified, after Arber, 
1942) to show the path of the pollen tubes. The arrows delimit the individual carpels. 


Fıcs. 1-4 
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with those forming the stigmatic lobes 
so that the pollen tubes from a single 
stigma may fertilize ovules of three 
carpels (Fig. 4). In this case it is the dual 


construction of the stigmas and placentae 
which enables pollen tubes to pass to ovules 
belonging to a number of carpels. 


Even 
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in multilocular gynaecia which are eu- 
syncarpous (Troll’s ‘‘ syncarpous ” gynae- 
cia) it is also possible for pollen tubes from 
any stigma or part of the compound 
stigma to fertilize ovules in any loculus. 
In Umbelliferae, for instance, there are 
separate stigmas and placentae, yet 


Fics: \5-9-— Fig. 5. Les. gynaeceum of Daucus carota, (modified after Borthwick, 1931) to show 
the compital duct between the loculi and the redistribution of pollen tubes on entering this duct 


from the base of the style. x 21. 


Fig. 6. T.s. gynaeceum of Ahelmoschus showing, at the base of 


the style, the transmitting tissue (shaded) leading to the placentas in the loculi (diagrammatic 


after Capus, 1878). 


Figs. 7-9. Eucalyptus preissiana Schau. 


Fig. 7. L.s. mature flower bud. x 2-5. 


Fig. 8. L.s. gynaeceum showing the compital pores at the top of the central column of the ovary. 


Most of the ovules have been removed from the left-hand loculus. 
off-median section, looking inwards towards the centr 
The ovules and placentae have been removed. 


loculi. 
top of the right-hand loculus. x 7:5. 


x 11.5. Fig. 9. Gynaeceum in 
al column along the septum between two 
Note the compital pore leading into the 
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because of the connection in the upper, 
paracarpous part of the gynaeceum 
between the separate loculi, pollen tubes 
may pass from either stigma to either 
loculus. This is shown diagrammatically 
in Fig. 5. It is clear that the perforation 
in the septum enables crossing-over of the 
pollen tubes from either stigma to either 
loculus. Such a perforation of the upper 
part of the septum between loculi has 
often been described, but its functional 
significance has either been ignored or 
insufficiently stressed as the following 
examples, taken at random from the 
literature, will show. Heinig (1951) writ- 
ing of Phaleria (Thymelaeaceae) says: 
“as the loculi become occluded at the top 
of the ovary, a split appears in the septum 
and shortly above this the four-lobed 
stylar canal forms”’.. . “ The stylar canal 
is directly continuous with the locules in 
Octolepis, obscurely so in the uniloculate 
Thymelaeoideae . . .””. Of the Androme- 
deae, Palser (1951) says: “‘In many 
species, the central column shows a split 
at the top; this split is continuous through 
the middle of the top of the placentae ”. 
Of the Arbuteae, she says (Palser, 1954): 
“ Each locule has a narrow connection 
with the stylarcanal’’. Leinfellner (1941, 
1951) has illustrated the “ Ventralspalt ” 
in a number of genera (Digitalis, Atropa, 
Pentstemon, Campanula, Pitcairnia) and 
has observed the suppression of the forma- 
tion of a placenta in the region of the split 
in the septum. Such examples could be 
multiplied, not only from the recent (see 
Buxbaum, 1944), but also from the older 
literature (see Payer, 1852). Satina (1944) 
has studied the development of the gynae- 
ceum in Datura and has concluded, 
correctly, that “the transmitting tissue 
formed in the stigma and style is in direct 
contact with the top of the ovary and with 
the inner epidermis of locules in the ovary, 
and that it forms one continuous track ”... 
which passes through the hole in the sep- 
tum. Her remarks stand as one of the 
very few instances in which the signi- 
ficance of the split in the top of the septum 
between the loculi has been realised. 
The existence of such a connection between 
the loculi is completely ignored by many 
authors (Eames & MacDaniels, 1947; 
Rendle, 1953; Hutchinson, 1959). This 
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connection, whether by a slit, a pore or a 
tube, should be dignified with a name. 
We suggest that it be called the compitum 
(Latin = the open space where two or 
more ways meet, a crossing) because it 
allows the pollen tubes to cross over from 
any part of the style to more than one 
loculus... Esau, . (1953) states: “If the 
gynaeceum with a single solid style is 
syncarpous, the stigmatoid tissue of the 
style forms several strands each leading 
to a different placenta’’. Even if this 
arrangement of the transmitting tissue in 
the style is occasionally found, the state- 
ment is misleading because it ignores the 
possibility of crossing over at the com- 
pitum, which must be present if the 
gynaeceum is eu-Syncarpous. 

We have followed, in various eucalypts, 
the path of the pollen tubes by means of 
fluorescence microscopy, using Arnold’s 
callose stain (Arnold, 1956). On entering 
the ovary from the style, the pollen tubes 
grow only along the ribs which are the 
tops of the septa between the loculi. 
The path along each rib takes the pollen 
tubes to the central column of the ovary, 
over which they diverge in two streams 
from each rib, turning almost through 
180° to pass down the furrows of the 
two adjacent placentas. Capus (1878) 
has illustrated a similar “ compitum ”’ in 
Abelmoschus (Malvaceae) (Fig. 6). In 
eucalypts the stigma is only slightly 
lobed and the stylar transmitting tissue 
forms a central mass not differentiated 
into separate strands. Pollen grains ger- 
minating on the stigma therefore have an 
equal chance of fertilizing any ovule on 
any placenta. 


Discussion 


The possibility of any pollen tube 
passing to any placenta in the eu-syncar- 
pous gynaeceum is entirely due to the 
paracarpous nature of the upper part of 
the ovary and we may therefore define 
eu-syncarpous gynaecia as those having 
such a paracarpous region, whether it is 
in the ovary, in the style or even in the 
stigma. In what Troll calls “ paracar- 
pous”’ gynaecia (i.e. those with a uni- 
locular ovary with parietal placentation) 
there is no difficulty in defining the struc- 


254 


ture as eu-syncarpous. In some plants, 
however, the compital pores or ducts are 
so reduced in dimensions that a special 
search must be made for them. In cer- 
tain eucalypts (e.g. Eucalyptus sideroxylon 
and E. tetraptera) the compitum is large 
and obvious and in any longitudinal 
section the gynaeceum is easily seen to be 
paracarpous just below the style. In 
other species (e.g. E. preissiana) the 
compital ducts are minute and are 
generally overlooked on first inspection 
(Figs. 7-9). Nevertheless, as in all eu- 
syncarpous gynaecia, such compita are 
present. Crass paracarpy is implied by 
statements such as that the ovary posses- 
ses incomplete septa, e.g. Goodeniaceae, 
Stylidiaceae (Figs. 1-3). 

Many gynaecia which have been term- 
ed‘ apocarpous ” or “ secondarily apo- 
carpous”’ are actually eu-syncarpous. 
Ochna, regarded as apocarpous by Rendle 
(1953), has been investigated by Baum 
(1951) who has shown that the gynaeceum 
is eu-syncarpous. The eventual widening 
of the torus and central column in post- 
floration stages spreads the individual 
loculi, giving the impression that the fruit 
has been developed from separate carpels. 
In fact the stigma is merely lobed and 
there is a common style leading to a com- 
pitum with very small ducts. In some 
members of the Malvaceae (e.g. Abutilon 
— Baum, 1949b) transmitting tissue lines 
the common stylar canal and extends 
down the margins of the conduplicately- 
folded carpels bordering on the cavity 
at the base of the style. Pollen tubes may 
converge in the style and subsequently 
diverge at the base of the style, but the 
compital mechanism is obviously less 
perfect than that of Abelmoschus (Fig. 6). 

In some members of the Rutaceae (e.g. 
Dictamnus, Ruta graveolens) the structure 
of the gynaeceum resembles that of 
Abutilon but because, in the formation 
of the fruit, the style splits longitudinally 
leaving a strip on each carpel, Hanf 
(1936) has described it as apocarpous and 
the style as a “ false style ”. Neverthe- 
less, the stylar canal is filled above with 
transmitting tissue permitting convergence 
of the pollen tubes which will later diverge 
into the separate ovaries. These members 
of the Rutaceae are therefore functionally 


PHYTOMORPHOLOGY 


[ Octobet 


eu-syncarpous. Other members of the 
Rutaceae (e.g. Aurantieae) have gynaecia 
which are more obviously eu-syncarpous. 

Certain orders (Tiliales, Malvales, Ruta- 
les, Apocynales, Liliales, etc.) have genera 
which illustrate the full range from func- 
tional eu-syncarpy to full eu-syncarpy. 
Like the Rutales, the Apocynales present 
every gradation in the union of the carpels, 
ranging from the Asclepiadaceae, with 
fused stigmas but free styles and ovaries, 
through members of the Apocynaceae 
with fused styles and stigmas but free 
ovaries, to Plocosperma, with separate 
stigmas, a lobed style and a unilocular 
ovary. In Vinca the “ secondary apo- 
carpy ” is in fact functional eu-syncarpy. 
Although the ovaries are quite separate 
the styles and stigmas are fused and pollen 
germinating on any part of the annular 
stigma may therefore fertilize ovules in 
either ovary. It would be interesting to. 
discover whether the fused stigmas of 
Asclepiadaceae (e.g. Asclepias phytolac- 
coides; Brown, 1831) could function as a 
compitum. Brown’s drawings show pol- 
len tubes descending only into the style 
immediately adjacent to the part of the 
stigma to which the pollinium is affixed, 
but it is possible that if it were affixed 
between the styles the pollen tubes would 
descend both styles. 

In apocarpous gynaecia fertilization in 
a given carpel is only possible by pollen® 
tubes originating from grains deposited 
on its own stigma. This implies that 
when pollination is meagre, some carpels 
may fail to develop seeds. Since fruit 
development is often closely dependant 
on seed development, it is to be expected 
that where some of the carpels fail to deve- 
lop seeds, the compound fruits formed 
from pseudo-syncarpous gynaecia will be 
asymmetric. Asymmetric fruits are often 
to be seen in Nymphaeaceae and Triglo- 
chin, and are well-known in Malus. All 
these taxa are held to be apocarpous by 
Troll and Baum. We prefer to call them 
pseudo-syncarpous. The chances that 
at least some of the ovules will be fertilized 
in each loculus are, of course, very much 
increased in eu-syncarpous gynaecia be- 
cause of the somewhat random pattern 
of distribution of the pollen tubes from 
any stigma or part of the stigma to the 
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ovules. Recognition of the strict localiza- 
tion in pseudo-syncarpous gynaecia of the 
effects of pollination may help clear up 
some of the anomalies in classifying fruits 
on the basis of the relationship between 
seed growth and fruit growth (Nitsch, 
1953). 

It is not difficult to visualise the evolu- 
tionary importance of the development of 
a mechanism by which pollen deposited 
on any stigma or part of a stigma might 
lead to fertilization of ovules in a number 
of carpels instead of only in one. Since 
one of the main features of the evolution 
of the flowering plants is considered to 
have been the elaboration of extremely 
intricate devices for bringing about polli- 
nation, there must have been considerable 
gains from the evolution of eu-syncarpous 
forms from what are generally accepted 
as having been apocarpous ancestors, 


Summary 


The gynaecia of flowering plants may be 
classified as apocarpous, pseudo-syncar- 
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pous or eu-syncarpous. In the pseudo- 
Syncarpous gynaeceum the carpels are 
fused to form a single structure, but in 
relation to the path of the pollen tube from 
the stigma to the micropyle they are 
functionally apocarpous. The eu-syncar- 
pous gynaeceum is characterised by its 
possession of a compitum, a connection be- 
tween the carpels which allows pollen tubes 
from grains germinating on any stigma or 
part of the stigma to fertilize ovules 
belonging to more than one carpel. In 
multilocular ovaries the compitum charac- 
teristically consists of pores, ducts or 
splits in the septa between loculi, through 
which the pollen tubes pass to the placen- 
tae. In other cases, and typically in uni- 
locular ovaries with parietal placentation, 
the style may function as a compital 
mechanism. In the Asclepiadaceae the 
stigma may function as a compitum. 

The possibility that in eu-syncarpous 
gynaecia a given pollen tube may fertilize 
an ovule in any of a number of carpels 
has important physiological and evolu- 
tionary consequences. 
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ON CONSTRICTION BANDS, AND THE SYSTEM OF 
INTEGRATED GROWTH-ZONES IN THE 
LEAF-BLADES OF GRASSES 


R. R. PANJE 


Sugarcane 


If the surface of a grass leaf-blade, 
particularly that of one of the larger 
grasses, is closely examined, it will be seen 
that the uniform surface-texture of the 
blade is interrupted by incipient cross 
bands occurring at intervals along its 
length. In a fully-grown stalk of Sac- 
charum officinarum, the first of these bands 
occurs about 25 cm from the base of the 
blade. Additional bands, 2, 3, or 4 in 
number, are seen higher up on the blade. 

The bands are barely distinguishable. 
They vary to some extent in their charac- 
teristics: the greatest common measure 
of their description is that where the band 
occurs, the blade shows a flattening or 
smoothening of the surface or a slight 
curling or incurving of the margin. Not 
rarely, the veins show a slight shift in 
their course through the band region. 
The smooth curve of a large functioning 
leaf-blade is sometimes seen to be inter- 
rupted by sharper flexures at the bands, 
and the mid-rib is liable to break at these 
points. A wilting blade often shows lesser 
inrolling at the bands than elsewhere. 
These features suggest that the bands are 
formed by some kind of a local compres- 
sion of the blade. However, no anatom- 
ical difference is noticeable at the bands. 

Preliminary studies bore out the follow- 
ing points: (i) The bands occur on the 
blades at comparable, but not equal, 
distances from one to the next. The 
length of the interval is not a simple 
fraction of the length of the blade. The 
variation in the length of the successive 

 blade-segments (intervals between the 
bands) has no relationship with the 
increasing or decreasing width of the blade. 
The blade-segment is normally shorter 
than the sheath, or very rarely equal to it. 
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(li) Even though individually the suc- 
cessive segments appear to vary at random 
within their range, their average length 
calculated over a series of blades on a stalk 
tends to be fairly constant. 

(ii) The length of any one segment of 
any one leaf is almost exactly equal to the 
length of the next higher segment of the 
next higher leaf, and the next lower 
segment of the next lower leaf. If the 
successive segments on each blade of a 
sugarcane stalk starting from the base are 
named a, b, c, d, etc., and the blades of 
successive phytomers in the acropetal 
order are represented by the subscripts 
1, 2, 3, 4 and so on, the segments a,, bg, 
Ca, da, etc. are found to be of almost equal 
length (Fig. 1). Similarly, a, = 0, = ¢,, 
etc. This suggested that what was 
responsible for one band on one leaf- 
blade was also responsible for the succes- 
sively higher bands of successively higher 
leaves. 

Since fully formed blades are fairly 
hard in texture with well developed 
mechanical tissues, it was inferred that the 
bands were imprinted on the blades only 
when they were in the meristematic or 
developing condition. 

The cause and manner of formation of 
the bands were therefore traced out by 
employing Kuijper’s needle-prick method 
(1915). Two stalks in each of two species, 
Saccharum officinarum and S. spontaneum 
were selected and on a certain date, a 
needle-prick was made ‘through the top- 
most visible dewlap!. When after a few 


1. Dewlap is the name given to each of two 
roughly triangular areas at the collar of the leaf- 
sheath, which differ in colour and texture from 
the rest of the collar, and which serve to give 
mobility to the blade (see Artschwager, 1940). 
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days, the dewlap of the next sheath 
emerged, a needle-prick was made through 
it too. Three weeks later the stalks were 
cut and the leaves which had grown out 
since the pricks made were separated 
out to see where the needle-pricks had 
left their marks and what changes had 
taken place in the relative positions of the 
needle-pricks as a result of growth. 

When the leaves were thus separated, 
the needle-holes were in both cases found 
to be at or very close to the bands. This 
showed that the bands were caused by the 
collar with the thickened dewlap region 
pressing against the roll of tender blades 
within. 

The separated leaves were then num- 
bered in their serial order on the stalk 
and the bands were marked A, B, C, D 
respectively on each blade (Fig. 2). The 
leaves were then placed side by side in 
such a way that the needle-holes of the 
first prick came into alignment in as many 
leaves as showed it; or in other words the 
leaves were placed back into the relative 
positions in which they were when the 
first needle-prick was made. 

When the leaves were so arranged, the 
bands A,, B,, C3, etc., came into exact 
alignment, showing that these bands were 
in a coincident position at the time of the 
first needle-prick. The bands Ag, Bs, 
C,, Ds, also showed a similar correspon- 
dence. This kind of coincidence prevailed 
throughout the foliar system, each set of 
bands being in alignment with the collar 
of the next lower leaf. Thus the bands 
Ag, By, Cs, etc., were in alignment with 
the collar of leaf 2, and so on. This 
showed that each collar was responsible 
for the imprinting of bands on as many 
leaf-blades as came at its level. 

To determine the relationship between 
the growth of the sheath and the blades 
within it, Kuijper’s needle method was 
again used. Pricks were made through 
the leaf-spindle at intervals of 1 cm; 
after a week of growth, the individual 
leaves were dissected out and separated. 
Measurement showed that although the 
distances between some of the consecutive 
holes had increased due to growth, the 
corresponding needle-holes in the different 
blades were almost always in alignment 
with those of the concerned sheath, 
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Fic. 1 — Diagrammatic representation of a 
leaf-crown of sugarcane, showing blade-segments 
and constriction bands. The diagram shows the 
equality of corresponding segments, viz., a,, be, 
Cas da and e;; by, Ce, dg and e,; c,, d, and eg; di 
and € 9; a,, bs, Ca and d;; ag, by, and c;; a, and b;. 
The differences between the linear dimensions of 
the successive segments of each blade are ex- 
aggerated. For explanation refer text. 


It appeared from these observations 
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that the blades enclosed within any one ~ 


sheath and the enclosing sheath itself were 
growing out together; and that the bands 
were formed not by a momentary or inter- 
mittent compression by the collar, but 
by the collar keeping up a continued 
pressure on the roll of tender elongating 
blades within it over a period of time, 
presumably from a certain early meriste- 
matic stage up to a fairly advanced stage 
in the elongation of the sheath. 

That leaf-blades in the leaf-spindle of 
sugarcane grow together was observed 
by Dillewijn (1939) and also by Clements 
(1952). Starting from a different ap- 
proach (Panje, 1956), the present studies 
confirm the existence of what may be now 
called integrated growth; further, these 
studies demonstrate the association of 
collars and dewlaps in this growth-process 
and in the following pages, they elucidate 
exact manner in which the successive 
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D- 
d 
C- D 
c d 
B- c 
b 
A 
A- 
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Fic. 2— Diagram of successive separated 
blades of sugarcane showing the order of concur- 
rence of their constriction bands with collars of 
enclosing sheaths, as disclosed by needle-pricks. 
(Dc, dewlap and collar of the leaf sheath; s, leaf 
sheath; 0000, marks of first needle-prick; xxx, 
marks of second needle-prick; A, B, C, D, 1st, 
2nd, 3rd and 4th constriction bands; a, b, c, d, 
1st, 2nd, 3rd and 4th segments of the leaf-blade. 


foliar organs take part in it. As it 
happens, the collars and dewlaps by virtue 
‘ef their morphological characteristics, 
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automatically mark out their erstwhile 
association with the blades, and this 
provides the investigator with a ‘ built-in ’ 
device for the measurement of the degree 
of integration prevalent in the plant, 
long after the integration itself has ceased 
and the plant has grown out. 

In the manner in which it takes place 
in the larger grasses, this integration of 
growth between sheaths and blades is 
successively effective, i.e. a given collar 
keeps those successively higher parts of 
successively higher leaves compressed, 
which (parts) are at its level during their 
growth. Thus the dewlap-collar com- 
plex Dc, (Fig. 2) compresses blade 2 
at A, blade 3 at B and blade 4 at C, causing 
bands A,, Bg, Cy, to appear: similarly, 
De, presses: blades 3, 4 and 5 at A,, By, 
C;, respectively, and so on. This explains 
the equality in the length of the blade- 
segments a, 55, Cs, etc., and indicates 
unmistakably which parts of which organs 
have grown out together. 

From this it is easy to see that the length 
of any blade-segment is ultimately a func- 
tion of the distance between the two con- 
cerned collars at the time when the growth 
ceases to be integrated, or when the leaf- 
blade ceases to be compressible. It also 
explains the reason for the bands on a 
leaf-blade being successively less conspi- 
cuous. For on a given blade, band A 
is the only one that is directly imprinted 
by the concerned collar; the higher bands 
on it are imprinted through an increasing 
number of intervening blades. 

Finally, it is also possible to see why the 
successive segments on any one blade vary 
in length to someextent. Since the outer- 
most member of a concurrent series of 
integrated organs is a sheath, it will be 
seen that at the time when the sheath of 
a given phytomer has just completed its 
elongation, its length is equal to the sum 
of the lengths of the blade-segment a, 
the sheath s’ and the internode 2’ of the 
next higher phytomer, the superscript (’) 
indicating a stage of development short 
of full maturity or elongation (Fig. 3). 
That is to say, a given sheath 

Sg=3+S'3+1's 
Or da3=S,—(S’3+1’s) ; 
Correspondingly, | 
A3=S1— (Sr +12) 
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Fic. 3 — Diagram of two successive phyto- 
mers separated to show the positional relation- 
ships between the corresponding parts. Super- 
script ‘ indicates parts in a stage of elongation 
short of full development. 


since, 14, =D, 

a3 — bg {Sa —(S'a+1'3)}—{s1— (So) 

Since, when they are at the same age or 
stage of development, s’, can be considered 
to be equal to s’,, and 2’, to ?’,, it follows 
that 4,0; ss ER RUES (2); 
or in more general terms, a, — b, = 
Sx-1 — Sx-2. Similarly, 6, —cx = sy. 
— $,-3, and so on. Thus the variation 
in the length of the successive segments 
on the blade of a given phytomer is a 
reflection of the variation in the sheath 
lengths of the successive phytomers, one 
step removed. Actually, in species of 
Saccharum, the length of segment a shows 


PHYTOMORPHOLOGY 


{ October 


a high correlation with the length of the 
next lower sheath. 

Since each blade is held by more than 
one collar, and each collar holds more 
than one blade, integration of growth is 
continuous throughout the foliar system 
by virtue of its overlapping effect, es- 
pecially in a foliaceous grass like sugar- 
cane. But different parts of the blade 
grow at different rates, and the question 
arises as to how a regimented growth 
system can accommodate variation in 
growth rate in different parts of the same 
organ. The answer is that the growth of 
different parts of any one blade is bound 
up with the growth of different sheaths, 
and the respective grand periods of the 
successive sheaths coincide with the grand 
periods of the blade-segments held by 
them. In other words, the variation it- 
self is regimented. 

This kind of relationship between blade- 
segments and sheaths has an interesting 
application in sugarcane. By a system 
of external measurements on the sheaths, 
it is possible, at least to a limited extent, 
to determine the period and rate of growth 
of any tender blade-segment at a time 
when that segment, being enclosed within 
the spindle, is not accessible for direct 
measurement. 

Two questions now arise; one is, at what 
stage integrated growth begins; and the 
other, when it ceases to be effective. With 
regard to the first, in longitudinal sections 
of the growing point of sugarcane, the in- 
dividual foliar primordia are usually quite 
discrete, and there are narrow spaces 
between them. Presumably, at this stage 
differential growth can take place between. 
successive organs. It is apparently much 
later, at a stage when the foliar organs 
have elongated to form a core and the 
surface of contact has increased greatly 
that integrated growth sets in. This is 
also the time when the collar is formed 
and the dewlaps are differentiated. 

The answer to the second question is 
that the time of dissociation between the 
blade-segment and the enclosing sheath 
apparently varies among species and the 
stage of growth of the plant. It has been 
shown above that when a sheath completes 
its growth, its length is equal to the 
sum of blade-segment a, sheath s’ and 


_ siderable 
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internode 7’ of the next higher phytomer 
(vide equation 1 and Fig. 3 above). In 
sugarcane, the blade-segment seems to 
grow comparatively little after its en- 
closing sheath has completed its growth; 
this is evident from the fact that the 
length of this segment is usually less than 
that of the sheath. In sugarcane there- 
fore the growths of the sheath and the 
enclosed blade-segments are more or less 
co-terminous; at any rate, the ‘area’ 
of integration in the total growth is large. 
But in many other species, the segments 
a are definitely longer than the sheaths of 
their respective next lower phytomers. 
In Sorghum halepense and Panicum maxi- 
mum it seems to be normal for a, to be 
longer than s, during the vegetative 
phase. This can only mean that a con- 
amount of post-integration 
growth takes place in the blade-segment. 

On the other hand, on the onset of the 
reproductive phase, the sheaths succes- 
sively become very much longer, and there 
is a corresponding reduction in the length 
of the successive blades. As can easily 
be seen, with such a marked change in 
the relative dimensions of the two organs, 
a given sheath (s,) will continue to grow 
even when the segment a, of the short 
blade has attained its full length. With 
integrated growth, further elongation of 
the sheath s, can be possible only with 
a corresponding growth of s’3. Thus 
a considerable part of the growth of 
the inner sheath s’, must be presumed to 
take place side by side with that of the 
sheath Sp. 

It follows therefore that while the pre- 
sence of cross bands on blades indicates 
the existence of definite integrated growth 
zones in all grasses, the relationship 
between the lengths of the segments and 
of the concerned sheaths differs among 
species, and is ultimately governed by the 
growth pattern of the grass, i.e. the pro- 
gress of the vegetative phase vis-d-vis 
the onset of the reproductive phase. 
Where, as in certain cereals and other 
short-season grasses, the reproductive 
phase sets in soon after the emergence 

“and formation of the aerial stalk, the 
elongation of the blade-segments is to a 
corresponding degree dissociated from 

integrated growth. In this condition, 
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the length of the segment is no longer a 
simple non-varying function of the length 
of the sheath; the blade soon becomes 
too short to have a band, and the sheath 
enters into the integration. On the other 
hand, in the more perennial (non-flowering) 
grasses, or at any rate in those in which a 
distinct vegetative stalk is formed over 
a period of time undisturbed by the in- 
fluence of inflorescence formation, the 
relationship between blade-segments and 
sheaths is closer and more constant. 
What has been said above regarding 
integrated growth applies only to the 
elongating blades and to the sheath im- 
mediately enclosing them. The sheath 
itself when it grows has to slide against 
the sheath of the next lower phytomer, 
which at that time has nearly or quite 
ceased to grow (see Fig. 2). Further, 
Kamerling (1904) and Kuijper (1915) 
have established that the internode of 
a phytomer begins to grow only when 
the elongation of its sheath is completed. 
By then the sheath of the next older 
phytomer has long ceased to grow. The 
growth of the internode also therefore can 
take place only with sliding growth 
between the sheath above it and the one 
surrounding it (see Fig. 2). Such sliding 
growth seems to require a great deal of 
force. If two consecutive sheaths are 
disconnected from their respective attach- 
ments to the stem, and a manual effort 
is made to pull the inner one out of the 
outer one, it is found that the former 
does not come out of either end of the 
latter easily or without some damage to 
itself or to the outer sheath. Apparently, 
force is required for the emergence of a 
growing sheath out of its enclosing sheath 
and this is provided by the turgor pressure 
of the elongating cells of the growing 
sheath; for it is difficult to imagine any 
contrivance by which the cohesiveness or 
friction between the two contacting sur- 
faces is eliminated in nature. 
Compression bands were found in almost 
all the grasses examined, although as 
stated above, the relationship of the 
lengths of blade-segments and sheaths 
varies among species and with the stage 
of growth of stalks. The number of 
bands per blade also differs in species. In 
some varieties of Saccharum officinarum, 
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as stated above, there are as many as 
five bands on each blade; the number is 
less in other varieties of S. officinarum and 
in other species of Saccharum. In Sor- 
ghum vulgare, there are two or three bands 
at intervals of about 25 cm. In Scleros- 
tachya fusca, the blade has two bands, 
about 40 and 80 cm respectively from the 
base. The bands of Thysanolaena maxima 
are at 18 cm intervals. In some species, 
the number of bands is reduced to one: 
Pennisetum typhoides, Cynodon dactylon, 
Dichanthium annulatum, Bambusa arundi- 
nacea, Narenga porphyrocoma and Arundo 
donax are some of such. This number is 
obviously determined by the length of the 
blade as a multiple of the length of the 
sheath. 

In Zea mays, strangely enough, no bands 
are noticeable. This is probably either 
due to the comparatively loose structure 
of the leaf-spindle or the continued growth 
irregularly taking place in various parts 
of the blade after its emergence, which 
possibly wipes off the traces of bands 
imprinted by the collar. It is unlikely 
that there are grasses without a certain 
amount of integrated growth. 

The existence of cross bands and their 
coincidence with the respective dewlaps 
gives visual proof of the existence of 
growth-integration, but this does not 
necessarily mean that the dewlaps or 
collars are responsible for the integration. 
The dewlaps no doubt contribute to the 
appearance of bands on the blade; indeed 
in young shoots of sugarcane one can some- 
times see the exact imprints of two dew- 
laps. But this is only incidental, for the 
ultimate function of dewlaps is to provide 
mobility to the blade as attached to a 
relatively stationary sheath. It is the 
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collar which has the essential function of 
clasping or gripping. 

One may then speculate as to the pur- 
pose of the clasping nature of the collar 
and the sheath. One possible answer is 
that this avoids all friction, and eliminates 
much of the need for force for young blades 
to grow out; it also eliminates the risk of 
contiguous organs in a meristematic 
condition being thrown into folds which 
can lead immediately to a choking of the 
spindle. Again, the succession of collars, 
anatomically fashioned to clasp and to be 
elastic, provides a structural frame-work 
for the support of the leaf-crown. In 
foliar organs, unlike the cauline, the 
younger and more tender parts are below 
the older parts, the most nearly meriste- 
matic parts being at the very base, where 
they have to bear the weight of the older 
parts. In grasses, the blades, relatively 
to the stem, are heavy; and it appears 
that the structural frame-work formed by 
sheaths and collars gripping the more 
meristematic parts gives the needed 
support to the younger parts of blades to 
bear the weight of the older parts and to 
prevent damage through swaying. Simi- 
larly the sheaths are perhaps physiologi- 
cally fashioned to elongate and carry the 
leaf-crown upwards against gravity, and 
to overcome friction against the enclos- 
ing organs. Apparently, growing sheaths 


have the lifting-out of the elongating leaf- . 


blades as one of their functions. How- 
ever, the role and manner of functioning 
of any organ in a system is a part of the 
overall evolution of the system as a whole, 
and it is not possible to ascribe a specific 
purpose and function to any one organ, 
or to isolate a single phenomenon and 
attribute an intention to it. 
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Introduction 


The phenomena of apogamy and apo- 
spory in mosses are of considerable in- 
terest from the evolutionary point of 
view. In all the instances of apogamy 
thus far reported, the diploid gameto- 
phytes (natural or derived aposporously 
from a young sporophyte) give rise to 
apogamous sporophytes. Springer (1935) 
noticed for the first time the formation of 
sporophytes on leaf tips of diploid plants 
of Phascum cuspidatum. Wettstein (1942) 
later showed that some of these diploid 
gametophytes have a tendency to produce 
swellings at the leaf tips which in the 
presence of abundant water, tend to 
produce protonema but under drier con- 
ditions or on concentrated nutritive media 
develop into sporogonia. 

Bauer (1956) reported that when the 
protonema derived from a young sporo- 
phyte of Georgia pellucida was cultivated 
on a drier medium (with 3 per cent agar), 
it produced numerous buds which grew 
directly into sporophytes — the leafy 
_gametophytic stage was completely by- 

passed. Such a sporophyte only occa- 
sionally developed to the point of forming 
spores which germinated into filamentous 
protonema indistinguishable from normal 
haploid ones. 

In a recent communication Bauer 
(1959b) has drawn attention to the 
interesting behaviour of a diploid proto- 
nema arising from a hybrid sporophyte 
(resulting from a cross between Physco- 
mitrium pyriforme and Funaria hygro- 
metrica). This protonema only when in 
contact with the parent sporogonium 
produced a number of buds (exclusively 
or in addition to the normal leafy buds) 
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which directly gave rise to young sporo- 
gonia. Some of these sporogonia formed 
viable spores. Since the isolated proto- 
nema never gave rise to any sporogonia, 
it was assumed that some factor(s) is/are 
present in the original sporogonium which 
induce(s) the production of new sporogonia. 

Bauer (1959b) has also investigated 
the regeneration of sporogonia belonging 
to five tribes of Funaria hygrometrica. 
The sporogonia from haploid (n = 14) 
and the artificially produced diploid tribes 
gave rise only to protonema while those 
from two naturally occurring diploid 
tribes (n = 28) could be induced to 
produce sporophytic tissue instead of or 
in addition to the protonema. From this 
he concluded that all tissues which can 
form sporophytes by regeneration must be 
spontaneous diploids. 

The present paper is a report of the 
apogamous production of sporogonia and 
a sporogonium producing callus from 
presumably haploid, mature gametophytes 
of Physcomitrium coorgense grown in vitro. 
The nutritive medium consisted of Knop’s 
mineral salt solution (one half of original 
concentration), 1 cc/l of White’s minor 
salt solution and 2 per cent sucrose. Agar 
in the concentration of 10 gm/l was added 
to the mixture and it was autoclaved at 
15 Ibs pressure for 15 minutes. One set 
of cultures was kept in diffuse day light 
while the other was stored in a dark cup- 
board in the laboratory. 


Observations 


In an experiment designed to study the 
regeneration of the gametophyte, single 
full grown plants of Physconutrium coor- 
gense were cultured on nutrient agar slants, 
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About 16 per cent of them produced a 
callus on the stem and occasionally also 
on the venter wall of the archegonium. 
Later the stem callus gave rise to an in- 
definite number of apogamous sporophytes 
(Fig. 1). The latter originated as green- 
ish-yellow filiform protuberances whose 
distal portions soon became bright green. 
At the same time the sporophyte assumed 
a spindle-like form with the upper capsular 
region clearly marked off from the stalk 
which turned brown. The capsule dif- 
ferentiated further into its usual body 
and operculum (Figs. 2, 3). The entire 
sporophyte then turned uniformly brown. 
The shapes of the mature sporophytes 
were quite variable. While some of them 
resembled morphologically the sexually 
produced sporophytes, others had globular 
capsules with ill-defined opercula. Deriva- 
tive sporophytes were often produced as 
buds from the stalk and capsular regions 
of young sporophytes (Fig. 4). Apoga- 
mous sporophyte formation occurred both 
in cultures kept in light as well as those 
stored in dark. Over 50 per cent of them 
grew to maturity and produced apparently 
normal spores (Fig. 5). Squash prepara- 


tions stained with aceto- or propio-carmine . 


from both young and older sporophytes 
showed no indications of meiosis}. 

Sporogonia were also occasionally 
produced from the callus on the venter 
wall (Fig. 8) but their ultimate fate could 
not be traced. In one culture, sporogonia 
developed directly from the stem as side 
branches — without the prior formation 
of callus (Fig. 9). 

The callus can be propagated by sub- 
culture on the basal medium (Fig. 6). In 


_ 1. Anintensive study of the nuclear behaviour 
in the Sporogenesis is under way and a detailed 
report will be published later on. 
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light, it produced both sporophytes and 
gametophytes (Fig. 7) but in dark, only 
sporophytes were formed (Fig. 11). Maxi- 
mum proliferation of the callus was 
obtained on a medium supplemented with 
autoclaved coconut milk (10 per cent): 
(Fig. 12). Here, even in light the callus 
produced only sporogonia, gametophyte 
formation was completely suppressed. 
The callus had a coarsely granular 
appearance and was composed of rounded, 
densely cytoplasmic cells (Fig. 10) which 
were green when newly formed but turned 
dark brown later on. Squash preparations 
of the callus did not give any indication of 


polyploidy. 
Discussion 


Bauer (1959a) has recently concluded 
that genome duplication followed by a dis- 
appearance of the gigantic characters 
is of great significance in the production 
of sporogonial tissue by regeneration. 
Thus, while the protonema grown apo- 
sporously from the sporophytes of natural- 
ly occurring diploid plants of Funaria 
morphologically indistinguishable from 
haploid ones) readily produced apogamous 
sporophytes; protonema derived from 
sporophytes of artificially obtained, dip- 
loid plants (showing gigantic features) 
never produced apogamous sporogonia. 
This means that a spontaneous diploidi- 
zation is a precursor to such apogamy. 
Bauer’s reports of apogamous formation 
of the sporogonium, however, differ in one 
main respect from the present findings. 
In his experiments apogamy occurred 
from diploid protonema produced apo- 
sporously from a young diploid sporogo- 
nium, while in my experiments the 
apogamous sporophytes were derived 
from a mature haploid gametophyte. 


Fics. 1-4 — Apogamous sporogonia. 
on a gametophyte cultured for three mont 


sporophytes. Fig. 2, x 53; Fig. 3, x 


—— 


Fig. 1. Formation of callus and apogamous sporogonia 


hs in darkness. x 3.6. Figs. 2, 3. Th 1 - 
phyte mass teased out and enlarged to show the stages . of the aoe 


in the development of the apogamous 


29. Fig. 4. Daughter sporogonia budded off from the stalk 


and the capsular regions of an apogamous sporophyte. x 29. 
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The possibility of a sporogonium contri- 
buting some factor for the continuous 
production of sporophytes (as reported by 
Bauer for Georgia) is also ruled out in 
the present investigation since here the 
sporophytes were formed directly from a 
gametophyte. 

Although not reported in mosses, hap- 
loid sporophytes have been obtained in 
a number of ferns (see Manton, 1950). 
In Phyllitis scolopendrium these haploid 
sporelings could be reared to the stage 
of producing sporangia which, however, 
failed to form any spores. The gameto- 
phytes of some species of Lycopodium have 
also been reported recently to give rise to 
sporelings apogamously in agar cultures 
but it has not been possible to rear them 
to the stage of spore-production (Freeberg, 
1957). In the present study, about 50 
per cent of the sporogonia produced viable 
spores. 

In mosses the sporophytes are reported 
to regenerate protonema and gameto- 
phytes aposporously in a number of ins- 
tances (LaRue, 1930; Kachroo, 1954; 
Narayanaswami & Lal, 1957). The re- 
verse phenomenon, i.e. the formation of 
a sporophyte from a normal (haploid) 
gametophyte is in contrast, a rare occur- 
rence. Also, the conditions inducing apo- 
spory and even vegetative proliferation 
of the sporogonium are known to some 
extent (Bauer, 1957; Bell & Richards, 
1958) but the factors controlling the forma- 
tion of apogamous sporogonia from a 
gametophyte are not understood. The 
work of Wettstein (1942), Bauer (1956) 
and Bell (1959) suggests that the dehydra- 
tion of the medium and/or ageing of the 
culture sometimes promote the apogamous 
development of sporogonia. This prob- 
able factor (i.e. dryness) should in turn 
be functioning through the mediation 
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Fics. 5-9 — Apogamous sporogonia. 
operculum and the spores. x 55. 
arising from it. x 3. 
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Fics. 10-12 — Callus and its subculture. 


Fig. 
10. Whole mount of the callus cells. x 220. 
Fig. 11. Callus showing abundant sporogonia. 
x 1:5. Fig. 12. Young sporophytes are seen 
arising as small protuberances from callus sub- 
cultured on coconut milk medium. x 2:5. 


Fig. 5. A dehisced apogamous sporophyte; note the 
Fig. 6. Subculture of the callus; note the young sporophytes 
Fig. 7. The callus showing young sporophytes, leafy gametophytes and 


protonemata. x 34. Fig. 8. An apogamous sporophyte arising from the surface of the venter of 


an archegonium. X 87. 
from the stem of a gametophyte. x 3. 


Fig. 9. Sporophytes developing as side branches (seen as globular bodies) 
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of some chemical produced as a result 
of the diminished hydration of the tiss- 
ues. In order to find out, if some ex- 
ternally supplied chemical could bring 
about apogamy, Bell (1959) cultured 
gametophytes of Pteridium aquilinum on 
media containing several compounds, 
e.g. sugars, IAA, and precursors of nu- 
cleic acids. However, no evidence was ob- 
tained that any of these substances sing- 
ly or in various combinations promoted 
apogamy. 

That the callus never produced any 
gametophytes in dark but may do so if 
exposed to light points to the formative 
role of light. Since the nutritive medium 
under both the conditions is the same 
(Knop’s mineral salts + sucrose) the ex- 
posure of callus to light must bring about 
some chemical change which shifts the 
balance partly in favour of gametophyte 
formation and partly in sporophyte forma- 
tion. It may be speculated that sporogonial 
and gametophytic development is control- 
led by two distinct substances. The sub- 
stance(s) for gametophytic production is/ 
are either inactivated by or never formed 
in the dark, whereas the other subtance is 
insensitive to dark periods. It may be 
recalled that the regular vegetative tissues 
of the moss plant, especially the protone- 
mata, do not produce gametophytes in 
the absence of light?. Thus the leafy 
plants arise in the protonemal cultures 
only when the latter are grown in natural 
or red light (Mitra ef al., 1959). None of 
the familiar growth regulators added to 
the medium, so far as is known, replaces 
this effect of light. While the callus from 
the gametophyte in the present investi- 
gation resembles the normal leafy plants 
in its ability to produce gametophytes 
in light, the capacity for sporogonial 
formation is a new acquisition on the part 
of the callus. It is curious to note that 
when cultured on coconut milk medium, 
the callus produced only sporophytes 
both in light and in dark. The capacity 
for production of gametophytes is 
apparently lost. However, Ward (1960) 
has recently reported another type of 
behaviour of a moss callus derived from 


2. There is only one report of gametophyte 
formation in the dark (Keil, 1949), 
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protonema of Polytrichum and Atrichum. 
This callus grew vigorously and without 
marked differentiation on media con- 
taining, sucrose, casamino acids and 
coconut milk. On mineral agar and 
on medium containing sorbitol, the 
callus tissue from Polytrichum reverted 
to the growth pattern of normal moss 
plants. | 

The findings not only support the basic 
homology of the gametophytic and sporo- 
phytic generations but emphasize that 
haploid or. diploid chromosome number ( 
does not determine the gametophytic or 
the sporophytic form. The versatile 
callus is a promising material for morpho-/ 
genetic studies. 


Summary 


The mature gametophytes of Physco- 
mitrium coorgense cultured on Knop’s 
minerals + sucrose medium produced 
callus masses from the stem and the 
venter wall of the archegonium. When 
maintained in the dark on the same me- 
dium or cultured on coconut milk medium 
in light, a large number of apogamous 
sporogonia differentiated from the callus. 
Over 50 per cent of the sporogonia formed 
viable spores. However, when transferred 
to day-light conditions, the same callus 
produced both leafy gametophytes and 
apogamous sporogonia in the basic 
medium. The lack of meiotic divisions: 
in these sporogonia is considered to indi- 
cate that the callus as well as the resulting 
sporogonia are all haploid tissues. Thus, 
the haploid or diploid number of chromo- 
somes does not by itself determine the 
gametophytic or the sporophytic form 
These findings support the homology o 
these two generations. The possibility 
that light has a formative role in the 
differentiation of the gametophyte is 
briefly discussed. 

I am indebted to Professor P. Mahesh- 
wari for guidance and encouragement. 
Grateful thanks are due to Professor 
Ernest Ball and Dr H. Y. Mohan Ram 
for going through the paper and offer- 
ing valuable comments. This work 
was done under a C. S. I. R. research 
scheme on “In vitro culture of plant 
organs ", 


_ ceae is not yet adequately known. 
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ob ee MBRY OLOGY OF STROMBOSIA BLUME. 


SAROJ AGARWAL 
Department of Botany, University of Delhi, Delhi 6, India 


The embryology of the family Olaca- 
Fager- 
lind (1947, 1948), who investigated mor- 
phology of the gynaecium of 16 genera, 


pointed out that the ovules are bitegmic 


in Coula edulis, 


frutescens, Strombosia zeylanica (syn. S.. 


Heisteria cyanocarpa, 
Macrotheca elaeocarpa, Minquartia guianen- 
sis, Ochanostachys amentacea and Ximenia 
americana; and unitegmic in Anacolosa 


-ceylanica) and Tetrastylidium janeirense. 


| 


The ovules of Liriosma acuta, Olax imbri- 
cata and Ptychopetalum petiolatum do not 
show any distinction into the integument 


and nucellus. According to Shamanna 
(1954) the ovules of Olax wightiana are 
unitegmic. 

Fagerlind (1947) reported monosporic 
development of the female gametophyte 
in Anacolosa frutescens, Olax imbricata and 
Strombosia zeylanica. In Olax wightiana, 
on the other hand, Shamanna (1954) 
observed a bisporic development. The 
embryo sac remains restricted to the ovule 
in Anacolosa and Strombosia, while in 
Chaunochiton kappleri and Olax it becomes 
extra-ovular at the 4-nucleate stage and 
reaches up to the base of the style. 
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Recently, Shamanna (1961) has inves- 
tigated the floral morphology and embryo- 
logy of Strombosia ceylanica. Some of 
the features observed by him are: (i) the 
ovary is inferior and unilocular through- 
out, (ii) the placental column bears at 
its tip 4 or 5 circinotropous ovules, and 
(iii) the chalazal end of the embryo sac 
shows a tendency towards some growth. 
My observations on this plant differ 
to some extent and are presented here 
briefly. 

The material of Strombosia ceylanica 
was obtained through the courtesy of 
Professor P. V. Bole, St. Xavier’s College, 
Bombay. S. javanica, kindly sent by 
Dr H.M. Burkill, Botanical Gardens, Singa- 
pore, was also studied for comparison. 


Observations 


The flowers of S. ceylanica are bracteate, 
braceteolate, pedicellate, pentamerous, 
dichlamydeous, actinomorphic and bi- 
sexual (Fig. 1). There are five epipe- 
talous stamens. A tuft of hairs develops 
behind the base of the filaments which 
originate from the epidermal cells of the 
corolla. The ovary is inferior and is 
surmounted by a hypogynous disc. In 
both the species, it is pentalocular below 
(Fig. 3) and unilocular above (Fig. 2). 

The anther wall comprises the epidermis, 
fibrous endothecium which occasionally 
divides periclinally becoming 2-layered at 
places, two or three middle layers, and a 
glandular tapetum of uninucleate cells. 
The reduction divisions are simultaneous 
and cytokinesis takes place by furrowing. 
The tetrads may be decussate, isobilateral 
or tetrahedral and the pollen is shed at 
the 2-celled stage. The mature pollen 
grains are usually triangular with three 


Fics. 4-17 — (cc, chalazal chamber; emb, embryo; end, endosperm; iow 
mc, micropylar chamber; ov, ovule; p, placental column; pen, 


suspensor; sy, synergid; z, zygote). 
ovules. x 72. Fig. 


stage; note the accumulation of starch grains. 


Figs. 12-15. Progressive stages in the developmen 
at young globular stage of proembryo. x 9. Fig. 17. Endosperm w 
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germ pores but occasionally they may be 
squarish and show four germ pores. Rare- 
ly, the pollen grains may germinate 
in situ. 

The free central placental column bears 
five anatropous, unitegmic and tenui- 
nucellate ovules (Fig. 4). They arise as 
lateral protuberances from the placental 
column and are directed towards the 
base of the ovarian cavity. With the 
differentiation of the megaspore mother 
cell they curve upwards and become 
anatropous. This is true for S. javanica 
also. Shamanna’s report that the ovule 
is circinotropous is incorrect and is also 


2 
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Fics. 1-3— (br, bract; brt, bracteole; ca, calyx; 
co, corolla; ov, ovule; oy, ovary; p, placental 
column). Fig. 1. L.s. flower. x 26. Figs. 2, 3.4 
Transections at the levels marked 2 and 3 in the 
previous figure. x24. 


— 


s inner ovary wall; 
primary endosperm nucleus; sus, 


Fig. 4. L.s. ovary with placental column bearing anatropous 
5. L.s. ovule showing archesporium. x 292. 

spore mother cell and tetrad stages respectively. x 292. Figs. 8, 9. 
sacs, the latter is not showing starch grains. x 292. Fi : 


Figs. 6, 7. Same; at mega- 
Four and 8-nucleate embryo 
g. 10. L.s. ovule at mature embryo sac 


x 292. Fig. 11. Fertilized embryo sac. X 137. 
t of endosperm. x 


137. Fig. 16. L.s. endosperm 
ith mature embryo. x 2. 
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not borne out by his illustrations. In 
fact, circinotropous condition has not 
been reported in any member of the 
order Santalales. 

The hypodermal archesporium may 
comprise one to four cells (Fig. 5) but 
usually only one of them functions as the 
megaspore mother cell (Fig. 6). The 
tetrad may be linear (Fig. 7) or T-shaped 
and the chalazal megaspore gives rise to 
an 8-nucleate embryo sac (Figs. 8-10). At 
no stage does the gametophyte extend 
beyond the ovular epidermis. The syner- 
gids and antipodals usually degenerate 
before fertilization. None of my prepara- 
tions of S. ceylanica and S. javanica gave 
any indication of the growth of the chala- 
zal end and my observation differs from 
Shamanna’s in this respect also. 

Starch appears at the 4-nucleate stage 
of the embryo sac (Fig. 8) and sometimes 
it is so abundant that the nuclei may be 
completely masked. The starch grains in 
the egg cell are comparatively smaller. 
Soon after fertilization the starch is more 
or less completely digested. 

The division of the primary endosperm 
nucleus is followed by a transverse wall 
resulting in a micropylar and a chalazal 
chamber. The micropylar chamber divides 
transversely. Of the two cells so formed, 
the lower may undergo a transverse (Fig. 
12) or a longitudinal division. Subse- 
quent divisions in the upper cell as well as 
in the derivatives of the lower cell are 
irregular forming a massive endosperm 
(Figs. 13-17). The chalazal chamber en- 
larges considerably, extends laterally con- 
suming the adjoining tissue and acts as 
a uninucleate haustorium (Figs. 12-15). 
Although the development of endosperm 
may be initiated in more than one embryo 
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sac in an ovary, only one of them reaches 
maturity. 

The zygote divides only after the en- 
dosperm is well advanced. The first divi- 
sion is transverse producing an apical and 
a basal cell. The basal cell produces a 
multicellular suspensor (Fig. 16) whereas 
the rest of the embryo develops from the 
derivatives of the apical cell. The mature 
embryo is typically dicotyledonous(Fig.17). 


Summary and Conclusions 


The inferior ovary is pentalocular below 
and unilocular above. The placental co- 
lumn bears five anatropous, unitegminal 
and tenuinucellar ovules. The embryo 
sac is of the Polygonum type and does not 
extend beyond the ovular epidermis at 
any stage of development. It does not 
show any sign of growth at the chalazal 
end. Starch grains appear in the embryo 
sac at the 4-nucleate stage. 

The endosperm is Cellular and the first 
division is transverse forming a micropylar 
and a chalazal chamber. The micropylar 
chamber forms the endosperm proper. 
The uninucleate chalazal chamber acts as 
a haustorium. The zygote divides trans- 
versely and the embryo shows a conspi- 
cuous suspensor. 

I take this opportunity to express my 
deep sense of gratitude to Dr B. M. Johri 
and Professor P. Maheshwari for giving 
me the facilities and encouragement for 
carrying out this investigation. Thanks 
are also due to DrS. P. Bhatnagar for help- 
ful suggestions. This work was carried 
out under the C.S.I.R. Scheme “ Morpho- 
logical and embryological studies in the 
Santalales ” and the financial assistance! 
of the Council is gratefully acknowledged. 
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THE FAMILY SANTALACEAE — VI. THESIUM L. 
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The earlier investigations on Thesium 
include those of Guignard (1885) on T. 
divaricatum, of Modilewski (1928) on 
T. intermedium, of Schulle (1933) on 
T. montanum, of Rutishauser (1937) on 
T. rostratum, and of Rao (1942) on T. 
wightianum. Paliwal (1956), who studied 
T. alpinum, T. humifusum and T. rostratum, 
has already reviewed the previous work 
and has himself recorded some new fea- 
tures like megaspore and secondary endo- 
sperm haustoria. The latter seemed 
doubtful and, therefore, a fresh study was 
undertaken. 

Preserved material of Thesium alpinum 
was obtained through the courtesy of 
Prof. Carl G. Alm (Stockholm) and of 
T. wightianum from Father L. M. Balam 
(Tiruchirapally). Ustial methods of dehy- 
dration and embedding were followed. 
Sections were cut 5 to 20 microns thick 
and stained with safranin and fast green. 
Dissections of endosperms and embryos 

. were also examined. 


Investigation 


= FLoRAL MORPHOLOGY — The flowers are 
solitary and axillary (Figs. 1, 4), small, 
greenish, bracteate, bisexual, tri- or tetra- 
merous (Fig. 2) in Thesium alpinum, and 
pentamerous (sometimes tetramerous) in 
T. wightianum (Fig. 5). The floral organs 
develop in acropetal succession. The 
perianth differentiates first and is followed 
by the androecium. The primordia of the 
gynoecium arise around the apex of the 
receptacle and the latter differentiates 
into the placental column. 

The perianth tube is much longer in 
T. alpinum (Figs. 2, 3) than in T. wıghtia- 
num (Fig. 5). The perianth is gamophyl- 

lous and consists of four or five lanceolate 


lobes. Each lobe is about 7 or 8 cells 
thick and due to slight protrusion the cells 
of the inner epidermis appear papillate. 
Stomata are present on the outer epi- 
dermis. Unicellular epidermal hairs arise 
at the junction of the filament and 
perianth. 


Fics. 1-6 — Figs. 1-3. Thesium alpinum. Fig. 
1. Entire plant. x 0°8 Fig. 2. Portion of flower- 


ing twig. x 4. Fig. 3. Fruit. x 6. Figs. 4-6. T. 
wightianum. Fig. 4. A twig bearing flowers and 
fruits. x 0:8 Fig. 5. Flower. x 4. Fig. 6. Fruit. 
x 6. 
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There are four or five antiphyllous sta- 
mens inserted at the base of the perianth 
tube. The ovary is inferior, tricarpellary, 
syncarpous and unilocular containing three 
ovules on a free central, twisted, placental 
column. A single ovule matures in an 
ovary while the other two usually abort. 
The style is long and cylindrical in T. alpr- 
num. Itisshort in T. wightianum and has 
a capitate stigma. 

The fruit (Fig. 6) is a globose pseudo-nut 
and is crowned with the incurved persis- 
tent perianth lobes. 

MICROSPORANGIUM AND MICROSPORO- 
GENESIS — The anther consists of four 
microsporangia. A hypodermal arches- 
porium differentiates in each lobe and cuts 
off the primary parietal layer. The latter 
divides again forming an outer and an 
inner layer. The inner one functions as 
the glandular tapetum while the outer 
layer produces an ephemeral middle layer 
and the endothecium. 

The epidermis stretches tangentially 
keeping pace with the enlargement of the 
anther. The endothecium develops fib- 
rous thickenings after the pollen grains 
have reached the 2-celled stage. These 
thickenings appear stellate in surface view 
(see also Paliwal, 1956). During earlier 
stages the tapetal cells are uninucleate 
but due to mitotic divisions become multi- 
nucleate later on. 

The reduction divisions in the micro- 
spore mother cells are simultaneous and 
cytokinesis occurs by furrowing resulting 
in tetrahedral and decussate tetrads. 

MALE GAMETOPHYTE — The micro- 
spore nucleus divides to form a larger 
vegetative and a smaller generative cell. 
Occasionally, the generative cell may also 
divide producing two male cells both in 
T. alpinum and T. wightianum. The 
mature pollen grains are 2-celled and have 
three germ pores. In T. wightianum 
there is a profuse im situ germination and 
in some cases two male cells were observed 
in the pollen tubes. Sometimes abnor- 
mally large pollen grains were also noticed. 

The dehiscence of the anther is brought 
about by the disorganization of the thin- 
walled cells at the junction of the two 
microsporangia of a theca. 

OVULE — In T. alpinum as well as 
T. wightianum the ovules arise as lateral 
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protuberances near the tip of the placental 
column (Figs. 7, 8). During subsequent 
growth they curve downwards (Fig. 9) 
and eventually become pendulous facing 
the base of the ovarian cavity. Till this 
stage, the development of the ovules is 
similar both in T. alpinum (Fig. 18) and 
T. wightianum. However, in T. wightia- 
num, before reaching the base of the ova- 
rian cavity the ovules curve upwards 
(Fig. 10) and become anatropous with 
their tips facing the style (Figs. 11, 
16; 177862 

Some instances of abnormal placental 
columns bearing ovules at different levels 
were also observed (Figs. 12-14). In 
one case there were three ovules in normal 
position and a fourth one had developed 
at the apex (Fig. 15). 

During earlier stages the nucellus and 
the integument cannot be distinguished 
(Fig. 19) but with the differentiation of the 
megaspore mother cells, the integument 
becomes clearly demarcated (Figs. 20, 21). 
Subsequently, due to periclinal and anti- 
clinal divisions the integument becomes 
massive and a narrow micropyle is also 
formed (Figs. 24, 26-29). The nucellus is 
represented by only a few epidermal cells 
which soon become crushed and ob- 
literated. 

MEGASPOROGENESIS AND FEMALE 
GAMETOPHYTE — A multicellular hypo- 
dermal archesporium differentiates in the. 
young ovule (Fig. 19). One or two mega- 
spore mother cells function in T. wightia- 
num (Fig. 20) and four or five in T. alpinum 
producing linear tetrads of megaspores 
(Pig. 21): 

The chalazal megaspore undergoes three 
nuclear divisions forming 2, 4 and 8-nu- 
cleate gametophytes (Figs. 22-25). In 
T. alpinum two or three and in T. wightia- 
num two gametophytes may develop 
concurrently (Figs. 24, 25). 

The mature embryo sac has the usual 
components — an egg apparatus, two 
polar nuclei and three antipodal cells 
(Figs. 24, 25). A chalazal caecum arises 
from the lower end (Figs. 27, 28) leaving 
the antipodal cells im situ. The latter are 
ephemeral and degenerate even before 
fertilization (Fig. 26). Figure 29 shows 
a fertilized embryo sac with the zygote 
and primary endosperm nucleus. 
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Fics. 7-18 — Figs. 7-11, 14-17. T. wightianum; Figs. 12, 13, 18. T. alpinum. (ov, ovule; plc, 
Placental column). Figs. 7-11. Longisections showing stages in the development of placental 
column and ovules. x 142. Figs. 12-15. Abnormal placental columns. x 85. Figs. 16-18. Whole 
mounts of placental columns; note anatropous ovules in Figs. 16 and 17. Figs. 16, 17. x 60; 
Fig. 18. x 142. 
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ENDOSPERM — Asin the other members a chalazal chamber (Fig. 30). The latter 
of the Santalaceae, the division of the is much larger and directly functions as 
primary endosperm nucleus is followed a haustorium. It branches and remains 
by the organization of a micropylar and limited to the placental region (Figs. 37, 


Le oe As eral Gna te ; ne en =: T. wightianum. (int, integument; 
} ; ple, . Figs. 19, 20. L.s. ovules showing sporogeno : 

He RE tetrad; note two additional megaspore mother cie à 608. Figs. Sara ni 
ah 20 RO oer x 608. Fig. 24. L.s. ovule with twin embryo sacs. x 142. Fig. 
se We ey : ES from Fig. 24. x 342. Fig. 26. L.s. ovule with a 5-nucleate gameto- 
parte ar o early degeneration the antipodal cells were not seen. x 342. Fig. 27. L.s. placental 
ee wing mature embryo sac; note the extension of chalazal caecum. x 85. Fig. 28. Part 

mbryo sac enlarged from Fig. 27. x 342. Fig. 29. Fertilized embryo sac. x 342. Kr « 
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39, 41) and the nucleus becomes hyper- 
trophied (Figs. 33, 38, 40, 42). The nu- 
cleolus also enlarges and even fragments 
(Figs. 38, 40). 

The endosperm proper is derived from 
the micropylar chamber alone. Its first 
division is transverse followed by a longi- 
tudinal division in both or sometimes one 
- of the cells (Fig. 31) resulting in four cells. 
In T. alpinum the tip of the ovule faces 
the base of the ovarian cavity, while in 
T. wightianum it faces the style. In both 
plants the development of the endosperm 
proper is unidirectional with the result 
that the chalazal haustorium and the 
embryo come to lie almost parallel to each 
other (Figs. 31, 33-36, 40, 42). During 
later stages-of development the endosperm 
becomes globular or pear-shaped. 

EmBryo — The division of the zygote 
is transverse (Figs. 33, 36) followed by 
longitudinal divisions in both the cells. 
The 4-celled proembryo by longitudinal 
division in all the cells gives rise to the 
octant stage (Fig. 43). Later divisions 
are irregular and globular, heart-shaped 
and dicotyledonous embryos (Figs. 44-48) 
are formed in the usual manner. It may 
be noted that the suspensor is absent. 
The embryo consumes the endosperm cells 
in its vicinity. 

PERICARP — At the mature embryo sac 
stage, the ovary wall consists of nearly 
20 layers of parenchymatous cells (Figs. 
49, 50). Of these some of the outer 
hypodermal layers are richly cytoplasmic 
while the inner ones show scanty contents. 
At the globular stage of the embryo the 
pericarp becomes differentiated into the 
_ parenchymatous epicarp and endocarp, 
and the stony mesocarp (Figs. 51-54). 
_ The thickenings in the cells of the meso- 
carp are laid down from the apex down- 
wards and the sclereids which show nu- 
merous pit canals contain rhomboidal 
_crystals. 

The seed is ‘naked’ since the integu- 
ment is consumed by the growing endo- 
sperm, and the embryo is small as compared 
to the massive endosperm. In 7. wightia- 
num, besides starch, the endosperm cells 
contain oil globules whose staining reaction 
is comparable to that of the nuclei (Fig. 
55). The endosperm of 7. alpinum con- 
tains only starch. _ A thin cuticle covers 
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the outer tangential wall of the epidermis 
of endosperm (Fig. 55). 


Discussion 


Paliwal’s (1956) report that in Thesium 
the pedicel is two to three times longer 
than the flower is not borne out from the 
material at our disposal and in reality the 
flowers are short-stalked. 

In nearly all members of the Santalaceae, 
unicellular glandular hairs develop at the 
base of the perianth lobes facing the fila- 
ments. They are absent in Quinchama- 
lium (Van Tieghem, 1896; Pilger, 1935), 
Exocarpus (Ram, 1959) and female flowers 
of Osyris (Pilger, 1935; Paliwal, 1956; 
Joshi, 1960). Van Tieghem (1896) re- 
ported that these hairs originate from the 
hypodermis of the perianth lobes, elongate 
and penetrate through the epidermis. 
Evidently, he mistook the epidermis for 
the hypodermis. Although Ewart (1892) 
does not mention about their origin but 
her figures are quite clear on this point. 
The observations of Schulle (1933), 
Paliwal (1956), Ram (1957), and our own 
are in conformity with those of Ewart. 

There is a profuse 7m situ germination 
of pollen grains in Thestum wightianum 
(see also Rao, 1942). Paliwal (1956), who 
also observed this phenomenon in Santa- 
lum album, concluded that the secretion 
from the glandular hairs probably helps 
in germination. It appears unlikely that 
these hairs play any stimulatory role 
in the germination of the pollen grains 
because, in situ germination has not 
been observed in S. album as well as in 
other members of the Santalaceae where 
similar hairs are present. 

The interpretation about the structure 
of the ovule has been much debated. 
Engler & Prantl (1889), Van Tieghem 
(1896), Modilewski (1928) and Iyengar 
(1937) considered it to be ategmic, whereas 
Warming (1878) and Guignard (1885) 
thought that the feeble depression at the 
tip of the ovule gave indications of an 
integument (see also Schaeppi, 1942). 
Goebel (1933) proposed that the small 
indentation at the tip represented the 
vestige of a micropyle. Schnarf (1929) 
subscribed to this view and suggested that 
the ovules of the Santalaceae possess a 
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Fics. 30-48 — Figs. 30-32, 34-36, 48. T. wightianum; Figs. 33, 37-47. T. alpinum. Figs. 32, 
34-36, 46, 48 from dissected whole mounts, rest from microtome sections. (cc, chalazal chamber; 
emb, embryo; end, endosperm; mc, micropylar chamber; pem, proembryo; z, zygote). Fig. 30. 
L.s. ovule showing 2-celled endosperm. X 254. Figs. 31-42. Progressive stages in the develop- 
ment of endosperm. Figs. 31, 33, 35. x 254; Figs. 32, 38, 40, 42. x 194; Figs. 34, 36. x 106; 
Figs. 37, 39, 41. x 25. Figs. 43-45. Stages in early embryogeny. x 451. Figs. 46-48. Glo- 
bular, heart-shaped and dicotyledonous embryos. x 25. 
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Fies. 49-55 — T. wightianum. (emb, embryo; enc, endocarp; end, endosperm; ep, epicarp; me, 
mesocarp). Fig. 49. L.s. flower at mature embryo sac stage. x 10. Fig. 50. Magnified view of 
portion A from Fig. 49. x 132. Figs. 51, 53. L.s. fruits at globular and dicotyledonous stages of 
embryo. x 10. Fig. 52. Enlargement of portion marked B in Fig. 51; note the delimitation of 
epicarp, mesocarp and endocarp. x 132. Fig. 54. Magnified view of region marked C in Fig. 53; 
the intervening tissues of mesocarp and endocarp have been omitted. x 132. Fig. 55. Portion 


of endosperm from mature seed. x 318. 


280 


thick integument. Schulle (1933) also 
described a rudimentary micropyle in 
Thesium montanum but did not attach 
any imprtance to it. He further pointed 
out that the integument does not develop 
in later stages and, therefore, a seed coat 
is not formed. According to Rutishauser 
(1937) the integument is formed as a result 
of tangential divisions of the epidermal 
cells. 

Rao (1942) observed that the hypoder- 
mal megaspore mother cell becomes 
deeply embedded due to the growth of the 
nucellar tissue and in Scleropyrum and 
Thesium “ ...a narrow passage (* micro- 
pyle ’) is left for communication with the 
ovarian cavity...” Rutishauser (1937), 
who studied the development of the inte- 
gument in Thestum, clearly distinguished 
the integument from the nucellus (see also 
Paliwal, 1956). Evidently, Rao confused 
the integument with the nucellus since it 
is highly improbable that the latter would 
grow in such a manner as to leave a ‘ nar- 
row passage” at the tip of the ovule. 
Moreover, since the nucellus is represented 
just by a few epidermal cells, it can be 
easily missed in non-median sections. 

Paliwal (1956) pointed out that in The- 
stum the nucellus is very narrow and is 
represented by only a few layers of elon- 
gated and richly cytoplasmic cells while 
the rest of the tissue is integumentary and 
remains united with the nucellus. We 
were unable to make out any such distinc- 
tion and the nucellus consists only of a few 
epidermal cells capping the megaspore 
mother cells. Such unitegmic ovules are 
also present in Comandra (Ram, 1957). 

The extent of sporogenous tissue varies 
in different species of Thesium. In T. 
intermedium (Modilewski, 1928) there are 
three cells in the beginning but they may 
divide to form as many as eleven cells. 
Although all the cells are capable of under- 
going meiosis, only one or two develop 
into tetrads. In T. rostratum (Rutishauser, 
1937) there are about nine sporogenous 
cells of which four to six produce tetrads. 
Rao (1942) observed only one or two 
archesporial cells in T. wightianum. 
Working on T. alpinum, T. humifusum and 
I’. rostratum, Paliwal (1956) reported that 
almost all the nucellar cells become sporo- 
genous and nearly six to eight megaspore 


“ PHYTOMORPHOLOGY 


[ October 


mother cells may give rise to tetrads. 
However, in T. wightianum there are one 
or two and in 7. alpinum four or five 
archesporial cells which develop into as 
many tetrads. 

The non-functional megaspores of The- 
sium are said to give rise to haustoria 
(Paliwal, 1956). Of the three non-func- 
tional megaspores in T. humifusum and 
T. rostratum, the lower two usually de- 
generate while the uppermost enlarges 
considerably and extends beyond the 
ovule. Occasionally, its nucleus may also 
divide forming a coenocytic structure. 
In one instance in T. alpinum, Paliwal 
observed that all the three non-functional 
megaspores produced haustoria which 
persisted up to the mature embryo sac 
stage. However, our preparations of 
T. alpinum and T.- wightianum did not 
show any such behaviour and the non- 
functional megaspores invariably degene- 
rate early. 

The embryo sac conforms to the Poly- 
gonum type and the reports of Modilewski 
(1928) and Schulle (1933) of tetrasporic 
gametophytes in 7. intermedium and T. 
montanum respectively have been shown 
to be incorrect (see also Fagerlind, 1939; 
Rao, 1942; Paliwal, 1956). 

The endosperm of T'hesium is of the Cel- 
lular type. Paliwal (1956) states that 
after the endosperm has well advanced, 
some of the cells lying opposite to the 
embryo (adjacent to the chalazal haus- 
torium) enlarge and take up a haustorial 
function. These cells undergo one, two 
or more nuclear divisions so that they may 
become 4 to 6-nucleate. Subsequently 
the nuclei become hypertrophied (Fig. 56). 
These have been designated as secondary 
haustoria and Paliwal contends that they 
are equivalent to the upper endosperm 
haustorium in Santalum. 

Our findings on T. alpinum (also worked 
out by Paliwal) and T. wightianum do not 
confirm Paliwal’s observations. In fact, 
all the endosperm cells are more or less 
alike and invariably remain uninucleate 
(Figs. 35, 38, 40, 42). Further, the endo- 
sperm cells in the vicinity of the embryo 
always have depleted contents. 

In most members of the Santalaceae 
the division of the zygote is transverse 
except in Comandra (Ram, 1957) where 
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Fics. 56-59 — Paliwal’s (1956) Figs. 229, 221-223 of T. humifusum. (emb, embryo; pem, proem- 


bryo; send, secondary haustoria; z, zygote). 
haustoria. X 139. 


Fig. 56. Cellular endosperm and secondary endosperm 
Fig. 57. Portion of cellular endosperm (l.s.); the zygote is in metaphase. x 290. 


Figs. 58, 59. Same, advanced stages showing bicelled proembryos. x 290. 


it is longitudinal. From Paliwal’s (1956) 
Figs. 221 and 222, reproduced here as Figs. 
57 and 58, it appears that even in T. humi- 
fusum the division may be occasionally 
longitudinal. He states: “ It is interest- 
ing to find that direction of the wall, seg- 
‘menting the zygote to form a bicelled 
proembryo, differs depending upon the 
position of the zygote in the embryo sac. 
Thus in Fig. 222 this is at right angles 
whereas in Fig. 223 (reproduced here as 
Fig. 59) it is parallel to the embryo sac 
wall. ”” A critical examination of Fig. 57 
shows that the zygote is laterally attached 
to the embryo sac and the spindle is lying 
at right angles resulting in a vertical 


division as shown in Fig. 58. On the other 
hand, in Fig. 59 (Paliwal’s Fig. 223), the 
zygote shows terminal attachment and the 
division is actually transverse. 

The suspensor is variable in different 
species. Schulle (1933) observed a 2- 
celled suspensor in 7. montanum and re- 
marked that a short suspensor is also 
present in T. alpinum, while it is absent in 
T. divaricatum. Paliwal (1956) has mis- 
quoted Schulle when he mentions that in 
T. montanum the suspensor is 1-celled. 
Paliwal further reports that a suspensor is 
not formed in T. alpinum, T. humifusum 
and T. rostratum, and-this is also true of 
T. wightianum.  Rao’s (1942) observation 
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that there is a 1-celled suspensor in 
T. wightianum, therefore, seems to be 
incorrect. 


Summary 


The flowers of Thesium alpinum are 
tetramerous and those of T. wightianum 
pentamerous. There is a single whorl of 
perianth and unicellular hairs. are present 
at its base. The stamens are isomeric 
and opposite to the perianth lobes. The 
ovary is inferior and unilocular. There 
are three unitegmic ovules borne on a free 
central and twisted placenta. 

The anther wall consists of the epider- 
mis, fibrous endothecium, an ephemeral 
middle layer and glandular tapetum. The 
reduction divisions are simultaneous result- 
ing in tetrahedral and decussate tetrads. 
The mature pollen grains are 2-celled 
with three germ pores. There is profuse 
in situ germination in T. wightianum. 

The archesporial cells function directly 
as megaspore mother cells. The embryo 
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sac is of the Polygonum type and the 
chalazal caecum grows into the placenta 
leaving the antipodal cells im situ. 

The endosperm is Cellular and develops 
from the micropylar chamber alone. The 
chalazal chamber functions as a uni- 
nucleate haustorium. 

The division of the zygote is transverse 
and the embryo lacks a suspensor. 

The pericarp comprises the parenchy- 
matous epicarp and endocarp, and stony 
mesocarp. The endosperm is starchy in 
T. alpinum while in T. wightianum besides 
starch, oil globules are also present. The 
endosperm consumes the ovular tissue, 
placenta and endocarp, so that it comes 
in direct contact with the pericarp. 

We are grateful to Dr B. M. Johri and 
Professor P. Maheshwari for their guidance 
and encouragement. Thanks are due to 
Dr (Mrs) Manasi Ram for comments, to 
Mr D. M. Sonak for sketching some dia- 
grams, and to the Council of Scientific 
& Industrial Research for financial assis- 
tance. 
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THE MORPHOLOGY AND EMBRYOLOGY OF 
CEDRUS DEODARA (ROXB.) LOUD. 


CHHAYA ROY CHOWDHURY 
Department of Botany, University of Delhi, Delhi 6, India 


Introduction 


There are four species of Cedrus (see 
Pilger & Melchior, 1954) of which only 
C. deodara is indigenous in India. It is 
one of the most important timber trees of 
the Western Himalayas. The heartwood 
is strongly scented due to the presence 
The timber is durable 
and resistant to insect and fungus attack. 
It is chiefly used for the construction of 
railway sleepers and carriages (see Troup, 
1921). The saw dust of C. deodara yields, 
on steam distillation, 2°5 per cent of a pale 


_ yellow, scented oil which is claimed to be 


suitable as an immersion oil for micro- 
scopes (Chopra ef al., 1959). 


Previous Work 


The earliest embryological account is 


that of Saxton (1922) who noted a few 


Cedrus. 


features in the life-history of C. deodara. 
Smith (1923) published a more detailed 
paper on C. atlantica. Buchholz (1931) 
observed that in Cedrus the embryogeny is 
similar to that of Pinus with the difference 


that there is a relatively delayed separa- 
- tion of the four embryos. 


The micro- 
sporogenesis and male gametophyte of 
C. deodara were studied by Johri (1936). 
According to him the many-layered arche- 
sporium is hypodermal; the tapetum 
becomes binucleate, rarely forming a 


periplasmodium; and the pollen grains 


are shed at the 5-celled stage. Buchholz 
& Old (1933) described the anatomy of the 
matureembryo. Butts & Buchholz (1940) 
studied the number of cotyledons in more 
than 100 species of conifers. The maxi- 


‘mum variability was found in the family 


Pinaceae and the highest mean number 
of cotyledons was met with in Pinus and 
In the latter the average varied 
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from 8:86 to 9:99. Takeuchi (1953) cul- 
tured the pollen grains of C. deodara in 
a medium containing 10 per cent sugar 
and one per cent agar. The tube length 
obtained was 240 microns in four weeks, 
after which the pollen tubes did not grow 
further. 


Material and Methods 


Collections of C. deodara were made in 
FAA from Mussoorie, Simla and Chakrata, 
but a major portion of the study is based 
on material obtained from Mussoorie. 
In the second year female cones the ovules 
were separated from the megasporophylls 
before fixation. The material was dehy- 
drated and cleared in the conventional 
manner and finally imbedded in paraffin. 
Sections were cut at a thickness of 12-15 
microns for studying the pre-fertilization 
and early post-fertilization stages, and 15- 
20 microns for the study of the later 
development of the seed. Both iron- 
haematoxylin, with a counterstain of 
either erythrosin or fast green, and saf- 
ranin-fast green, proved satisfactory. Dis- 
sections of free nuclear stages of gameto- 
phytes and embryos were stained with 
Harris’ haematoxylin-erythrosin, dehy- 
drated and cleared in a close series of 
alcohol and xylol, and finally mounted 
in canada balsam. Before staining, the 
gametophytes and proembryos were 
affixed on the slides with the help of agar 
and passed through the series, whereas, 
the older embryos were dehydrated and 
cleared in the ordinary way. 

For culture of pollen grains the ripe 
male cones were kept inside a desiccator 
and stored at temperatures below 0°C. 
The stored pollen was cultured by the 
hanging drop technique in sucrose solu- 
tions made in pyrex double distilled water. 
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At least two replicates were kept for each 
experiment. The cultures were main- 
tained at room temperature (29°-32°C) 
and exposed to diffused laboratory light. 


External Morphology 


The plant is found throughout the 
Western Himalayas from Afghanistan to 
Garhwal, at elevations ranging from 1220 
to 3050 meters, being most common at 
1830 to 2592 meters. According to 
Troup (1921) its natural limit is in the 
valley of the Dhauli, a branch of the 
Alakananda river in Garhwal, below the 
Niti Pass (longitude 79°48’). The best 
deodar forests are found where the rainfall 
varies from 40 to 70 inches and fail to 
grow with an increased rainfall eastward. 
The most important companions of the 
deodar are Pinus wallichiana (between 
1829 and 2288 meters) and Picea 
smithiana; at lower altitudes it is 
associated with Pinus roxburghii, and at 
higher altitudes (above 3050 meters) with 
Abies pindrow. Among oaks Quercus 
incana and Q. dilatata are its very frequent 
companions. Besides these there are 
many other broad-leaved species which 
have been listed by Troup (1921). 

Deodar is a tall evergreen tree about 
61 meters high. The foliage is usually 
dark green, but Troup (1921) reported a 
form with silvery-blue foliage from 
Hazara. The branches are mostly 
horizontal or only slightly ascending or 
descending and they arise irregularly. 
The young tree has a typical cone-like 
appearance, but as it grows old, it becomes 
rounded and flattened at the top. The 
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bark is greyish-brown with vertical as well 
as diagonal cracks. 

There are two types of branches; the 
long shoots which bear spirally arranged 
leaves, and the dwarf shoots bearing a 
cluster of leaves in pseudowhorls. The 
dwarf shoots elongate slightly, adding 
a new whorl of leaves each year. 

The leaves are acicular, rigid, sharply 
pointed, and about 4 cm long. Early in 
March the new pale green needles appear 
in tufts. The older ones persist for 
sometime before they begin to fall off in 
May, leaving a scar on the dwarf branches. 
The shedding of leaves may also occur in 
autumn (Troup, 1921). 

As a rule deodar is monoecious with male 
and female cones occurring on separate 
branches. Occasional trees show a dioe- 
cious habit. 

The male cones are solitary and occur 
at the tips of the dwarf shoots (Fig. 1A, 
B). When young they are pale-green but 
before ripening they turn yellowish-green. 
A mature cone is 2:5-4:6 cm long and 
1-1:5 cm across. It consists of a broad 
axis around which are a number of spirally 
arranged microsporophylls each having a 
beak-like upturned end and two abaxial 
microsporangia. Just before shedding the 
cones elongate rapidly to 5-7°5 cm and 
appear yellow because of abundant pollen. 
There is no resting stage and the entire 
course of development is accomplished in 
about three months (see Johri, 1936). 
Depending upon the altitude and locality, 
the pollen is shed from the middle of 
September to the middle of October. 

The female cones are erect, and are 
borne singly at the tips of the dwarf 


—— 


Fic. 1 — External morphology of vegetative and reproductive organs (ca, cone axis; ds, 


dwarf shoot; int, integument; Js, long shoot; ov, ovule; ovs, ovuliferous scale). 
bearing solitary male cones at the apices of dwarf shoots (September 15, 1958). x 0°3. 


cone (September 15, 1958). x 11. 
removed to improve visibility. x 2:2. 
(September 15, 1956). x 2:2. 

female cone after shedding of s 
are sterile (December, 1957) 


A. A long shoot. 
B. Male 


C. Young female cone; some of the leaves in front have been 
. D. First year female cone at the time of pollination 
E. Pollinated cone (October 28, 1956) 20 9272: 
eeds and ovuliferous scales; many of the basal ovuliferous scales 


- X 0:7. H, I. Ventral and dorsal vi i 
on the ovuliferous scale at the time of pollination, eaicropylar: partite ob aaa: ae 


has a scalloped outline and is very conspicuous. 
condition of the micropylar region of the integument. x 35:5. 


F. Second year 


The micropylar portion of the integument 
x 35°5. J. Older stage; note the shrivelled 
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shoots (Fig. 1C). Each year the cones 
arise progressively toward the terminal 
end of the horizontal branches (Troup, 
1921). The young cones are enclosed by 
scale leaves of unequal sizes. At the time 
of pollination a cone is less than 2°5 cm 
in length, partly hidden by the rosette of 
leaves (Fig. 1D). At this stage it is in 
an ‘open’ state to receive the pollen 
grains. After pollination (middle of Sep- 
tember to middle of October) the cone 
‘closes’. Thereafter, the sporophylls 
grow slightly and the cone becomes com- 
pact (Fig. 1E). There is no further 
development until March of next year. 
As the growth is resumed the cone becomes 
oblong-ovoid (Fig. 1F) and retains this 
shape till maturity when it is 12°5-15 cm 
long. Initially the colour is green, later 
it changes to mauve and finally turns 
brown. At the time of shedding the seeds 
and the ovuliferous scales fall away from 
the cone axis. The latter, along with a few 
basal sterile ovuliferous scales (Fig. 1G), 
persists for some time longer on the tree. 

The broad axis of the female cone bears 
a number of spirally arranged bract 
scales. In the axil of each bract scale is 
the so-called ovuliferous scale, which in 
turn bears two ovules onits adaxial surface. 
A number of ovuliferous scales situated 
at the base and the apex of the cone are 
sterile. 

Many resin ducts are present in the cone 
axis as well as in the scales. In the axis 
the ducts always lie outside the vascular 
zone. 


Life-History 


MALE GAMETOPHYTE — The develop- 
ment of the male gametophyte has already 
been described by Johri (1936) and my 
observations are in agreement with him. 
The pollen grains are blown by wind and 
some of them alight on the nucellus where 
they remain quiescent for several months 
germinating after nearly seven and a half 
months. 

Tap water, distilled water, as well as 
various concentrations of sucrose (with and 
without boric acid) were tried to germinate 
the pollen grains artificially. 

In tap water the pollen grains failed to 
germinate and burst 5-6 days after inocu- 
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lation. However, in distilled water they 
germinated quite readily. Pollen grains 
sown a week after collection showed 86 
per cent germination while those sown nine 
weeks after collection showed only 21 per 
cent germination. The tube length varied 
from 318 to 675 microns. 

The pollen grains showed meagre germ- 
ination in sucrose (0°0125M-1:05M), but 
bursting was common except in 1:05 
molar sucrose in which they were com- 
pletely plasmolysed. The addition of 
boric acid did not make any difference. 
Germination took place 46-72 hours after 
the pollen was sown in the medium. The 
coarsely granular cytoplasm passes into 
the tube and shows a streaming movement. 
The tube nucleus is followed by the body 
and the stalk nuclei. 

In nature the pollen tube is un- 
branched, but under experimental con- 
ditions branching is fairly common in 
distilled water. The pollen tubes often 
show localized swellings and more than one 
branch may emerge from such points 
(Fig. 2A). Normally a single pollen 
tube arises from a pollen grain, but rarely 
two are seen (Fig. 2B). At times the 
pollen grain is swollen near the grain end. 

MEGASPORANGIUM — Of the two scales, 
the bract scale is at first the longer (Fig. 
3A, B). The ovuliferous scale arises as a 
hump in its axil (Fig. 3A, B) but soon 
outgrows the bract scale (Fig. 3C-K). 
The two scales are fused with each other at ~ 
the base for some distance but receive 
independent vascular supplies (Fig. 3C-I). 
The traces supplying them are so oriented 
that their xylems face each other (Fig. 
3C-I, N-R). The vascular bundle of the 
bract remains unbranched throughout its « 
course and becomes narrower in diameter 
as it reaches the tip. On the other hand, 
the bundle entering the ovuliferous scale 
branches several times (Fig. 3N-R). 

At maturity the bract scale appears as 
a small membranous structure while the 
ovuliferous scale, which is at first fleshy, 
becomes hard and woody. Resin ducts 
are present in both the scales (Fig. 3N-R). 
Most of the cells of the upper epidermis of 
the ovuliferous scale are filled with tannin, 
and only those near the cone axis, where 
the ovules develop, are devoid of it (Fig. 
3C, L). These divide repeatedly and soon 
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Fic. 
(by, branch). A. Pollen tube showing branching. 
x 252. B. One pollen grain showing emergence 
of two tubes. x 126. 


a hump (two humps are seen in surface 
view) is formed (Fig. 3D, E, M). The in- 
tegument makes its appearance at first on 
the side away from the ovuliferous scale 
(Fig. 3F). Thus the integument is not 
equally developed on all the sides, the side 
away from the ovuliferous scale being 
much longer. Occasionally one side of 
the integument may be turned up as 
shown in Fig. 31. 

The nucellus is broad and free from the 
integument except at the chalazal end. 
Small resin ducts are present in the integu- 
ment near the base where it is joined with 
the nucellus. With the growth of the 
ovule, these ducts enlarge (Fig. 3T) and 
look like air sacs. The micropylar canal 
is long and bends down at the apical end 
(Fig. 3J). Prior to pollination it has a 
funnel-shaped opening (Fig. 1H,I). There 
are two vascular bundles in the ovule 
(Fig. 3S) which enter the integument and 
become narrower toward the tip along the 
inner side of the stony layer (Fig. 3T). 
The xylem and phloem differentiate from 
the procambial strands only at the arche- 
gonial stage, the xylem lying inward and 
the phloem toward the outside. 

At the time of pollination the cone axis 
elongates so that the space between the 
successive pairs of scales (bract and ovuli- 
ferous) is widened and the ovules are 
exposed. 

The pollen grains are wind-borne and 
many are seen adhering to the various 
parts of female cone. At this time the 
size of the micropylar portion of the inte- 
gument is much larger than the portion 
enclosing the nucellus (Fig. 1H, I). The 
integument is flayed out into a wide- 
mouthed funnel-like structure (Fig. 1H, I) 
and its edge is deeply scalloped. A pollen 
chamber is not formed and the pollen 
grains are seen lying on the broad apex of 
the nucellus without any definite orienta- 
tion (Fig. 4B). There is probably no 
exudation of pollination drop (see Doyle 
& O'Leary, 1935), but I have not been 
able to make any field observations on this 
point. 

Soon after pollination, the micropylar 
canal appears to be closed due to divisions 
and enlargement of the cells in the inner 
region of the longer arm of the integument 
where the two arms are closest to each 
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other (Fig. 3K). The ovuliferous and 
bract scale-complex slowly turns upward 
and becomes oriented at an acute angle 
with respect to the cone axis. This change 
is especially marked in the tip region of 
the ovuliferous scale which is bent down 
in the open cone (Fig. 3J) but becomes 
turned up later (Fig. 3K) so that one scale 
pair comes in close vicinity to the next 
immediately above it. Due to rapid 
growth and swelling of the ovuliferous 
scales in their subapical region the cone 
becomes closed. In the region of swelling 
‚the upper and the lower epidermis of the 
ovuliferous scale develop hairs which 
become interlocked with similar hairs 
belonging to the scales lying immediately 
above and below. -The hairs secrete resin 
which soon dries up and further contri- 
butes to an effective closure of the cone. 
This prevents the dessication of the ovules 
which take about 15 months after polli- 
nation to ripen into seeds and also offers 
protection to them from rain and insects. 
After the rest period is over and the cone 
resumes its growth next spring (March- 
April), the ovules increase rapidly in size. 
At this stage the micropylar region of the 
integument contracts and shows a some- 
what rounded edge (Fig. 1J). 
MEGASPOROGENESIS — The earliest col- 
lection of female cones (Mussoorie: Sep- 
tember 4, 1957) showed a single deep- 
seated megaspore mother cell (Fig. 4A). 
Meiosis begins about the second week of 
Septem ber and is over by the middle of 
October. Usually a row of three cells is 
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formed (Fig. 4B) although sometimes both 

the dyads may divide and form linear 

tetrads. Four cells have been reported 

in Keteleeria evelyniana (Wang, 1948) and 

Pinus roxburghii (Konar, 1960), and three, 
in P. wallichiana (Konar & Ramchandani, 

1958). The chalazal megaspore functions 

(Fig. 4B). The ovule enters the resting 

stage after the functional megaspore has 

enlarged slightly (Fig. 4B). 

Occasionally a megaspore mother cell 
and a triad were seen together indicating 
that originally two megaspore mother cells 
were present of which only one went 
through meiosis. 

FEMALE GAMETOPHYTE — Prior to divi- 
sion the functional megaspore undergoes 
arest period of approximately four months. 
The nuclear divisions are simultaneous 
and a large number of nuclei are formed 
which occupy a peripheral position. 
Walls are laid down centripetally followed 
by transverse septa resulting in smaller 
cells (Fig. 4C, D). 

The young gametophyte is surrounded 
by richly cytoplasmic cells (Fig. 4E, F) 
which are of nucellar origin and are refer- 
red to as the spongy tissue. This tissue 
becomes clearly differentiated in March 
when the rest period of the functional 
megaspore is over. The inner zone of the 
spongy tissue, immediately surrounding 
the gametophyte, has large cells containing 
conspicuous nuclei and vacuolate cyto- 
plasm. The next two or three layers are 
narrow, elongated and have denser cyto- 
plasm. 


<— 


Fie. 3 — Ovule (brs, bract scale; gam, gametophyte; ovs, ovuliferous scale; s, stony layer; 


st, spongy tissue; vs, vascular supply). 
2183; 
SER 


A, B. Initiation of ovuliferous scale in the axil of the bract. 
C-E. Initiation of ovule on the ovuliferous scale. x 33. 
G, H. Further development of ovule; note the deep-seated megaspore mother cell and the 


F. Initiation of integument. 


upturned apex of the bract and the ovuliferous scale indicating the closed condition of the cone. 


x 33. 
33; 


hanging tip of the ovuliferous scale indicating the ‘ open ” condition of the cone. x 33. 
soon after pollination showing closure of micropyle. 
upward and the cone is approaching the closed condition. x 33. 


I. Ovule showing abnormal orientation of the integument one side of which is turned up. 
J. Bract and ovuliferous scale at the time of pollination; note the open micropyle and 


K. Same, 
The tip of the ovuliferous scale has grown 
L, M. Enlarged views of portions 


marked a and bin C and D respectively. The resin filled cells are shown by oblique hatch and 
_ dense dotting. x 142. N-R. Transections of bract and ovuliferous scales at different levels marked 
c, d, e, fand g in G showing the number and orientation of vascular bundles. x 22. S, T. Trans- 
and longi-sections of ovules showing the number and course of vascular bundles in the integument. 
x 14. 
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Fic. 4 — Megasporogenesis and female gametophyte (st, spongy tissue). A. Nucellus showing 
a deep-seated megaspore mother cell. x 296. B. Functional megaspore; note three pollen grains 
just above the nucellus. x 296. C. Outline diagram of female gametophyte showing wall for- 
mation. x 29. D. Magnified view of a portion from C. x 133. E. L.s. ovule showing a 2- 
nucleate female gametophyte. The layer of nucellar cells immediately surrounding the gameto-. 
phyte has enlarged to form the spongy tissue. x 50. F. Enlarged view of female gametophyte, . 
spongy tissue and a few layers of nucellar cells. x 896. 


When the female gametophyte contains 5A, B). The nucellar cells, adjacent to 
approximately 16 nuclei, the cells of the the spongy tissue, degenerate while the 
innermost layer of the spongy tissue bulge outer healthier cells contain numerous 
inward and show dense cytoplasm (Fig. starch grains. 
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= issue, <A. L.s. ovule showing spongy tissue at the free nuclear stage of the 
fi Be + B. Enlarged view of a portion of the spongy tissue fle IN. eS 
c. L.s ovule at the mature archegonium stage. X 272 D; Portion of spongy tissue = pee 
C. x 88 E. Magnified view of a portion of spongy tissue at a time Si the ee nr a 
tains young embryos, The outer tangential and the radial walls show granular thickenings, , 
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With further growth of the female game- 
tophyte, certain changes occur in the 
spongy tissue. The inner zone of large 
cells becomes two- or three-layered. After 
most of the nucellar cells at the sides 
and the chalazal end of the gametophyte 
have been consumed, degeneration of the 
spongy tissue itself begins centripetally 
and it is finally reduced to only one or two 
inner layers of cells. It nevertheless 
forms a conspicuous sheath around the 
gametophyte (Fig. 5C, D) except at the 
micropylar end where the archegonia are 
present. The cells remain healthy for a 
long time and may even become binu- 
cleate. Some of them contain starch 
grains. The radial and outer tangential 
walls show granular thickenings (Fig. 5E). 
The cells begin to degenerate only after 
the proembryo stage and the degenerated 
remnants persist till the shedding of the 
seed. 

Three to five archegonial initials appear 
at the micropylar end. Soon after their 
appearance, the archegonial initials divide 
by a periclinal wall and give rise to a small 
neck initial and a large central cell (Fig. 
6A). The former divides by a vertical 
wall (Fig. 6A) and the two cells so form- 
ed divide repeatedly producing a multi- 
cellular neck. Its cells do not show any 
definite arrangement. In C. atlantica Smith 
(1923) reports that the neck cells become 
multinucleate. This is ‚however, not true 
of C. deodara. 

The development of the archegonium 
follows the same pattern as in other mem- 
bers of the Pinaceae (Fig. 6B-D). A 
mature archegonium comprises the multi- 
cellular neck, a small ventral canal cell 
and the egg, and is surrounded by a con- 
spicuous jacket layer. Usually the egg 
nucleus is perfectly spherical but in a 
few instances a prominent beak-like pro- 
trusion was observed on one side (Fig. 
6D). One or two large vacuoles are 
present in the egg. 

ABNORMALITIES — The archegonia are 
usually grouped at the micropylar end of 
the gametophyte. In a few ovules they 
were disposed laterally and near the chala- 
zal end; in these the micropylar archegonia 
were lacking. In one ovule a number of 
archegonia were scattered all over the 
gametophyte in groups of two or three 


PHY TOMORPHOLOGY 


{ October 


(Fig. 6E). The jacket layer, neck cells and 
ventral canal cell were usually not seen in 
such archegonia. Each archegonium con- 
sisted of a large cell containing one or 
more nuclei of varying sizes. 

A few archegonia were found super- 
imposed; in such cases the lower archego- 
nium usually did not show either the neck 
cells or the ventral canal cell. In a few 
archegonia in which the latter was present 
its nucleus appeared to be in the act of 
slipping into the egg cell. 

A common abnormality was the pre- 
sence of a supernumerary nucleus in the 
egg. This nucleus could be as large as 
the egg nucleus (Fig. 6F) or smaller (Fig. 
6H). This could be the ventral canal 
nucleus which occasionally hypertrophies 
and wriggles out into the egg cytoplasm 
(Fig. 6G). 

Figure 6H shows a ventral canal cell 
with two nuclei. The egg nucleus showed 
numerous rounded swellings and there was 
a small additional nucleus lying just below 
the ventral canal cell. 

FERTILIZATION — The pollen grains ger- 
minate early in May. A protuberance 
develops at the tube nucleus end. This 
grows in size and into it enter the tube, 
body and stalk nuclei respectively (Fig. 
7A-D). Many starch grains also migrate 
into the pollen tube. The tube nucleus 
is small with a wavy outline; the large 
body nucleus is surrounded by a sheath 
of dense cytoplasm; and the stalk nucleus 
is usually seen imbedded in the cytoplasm 
around the body nucleus (Fig. 7D). The 
wall of the body cell is no well demar- 
cated. In one pollen tube toth the body 
and the stalk nuclei were sbeenenclosed 
within a common sheath (Fig. 7B). 

At this time the nucellar cells are gorged 
with starch grains so much so rehat the 
nuclei lose their spherical shape (Ftig. 7B). 
The starch grains disappear from the 
nucellar cells about the time when the 
pollen tube has reached the base of the 
nucellus. 

The pollen tube is broad and does not 
show much tendency toward branching 
(Fig. 7A-E). The body nucleus remains 
undivided for a long time. In spite of 
examining a large number of ovules, the 
division of the body nucleus could not be 
obtained. The pollen tube becomes inflated 
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Fie. 6 — Development and distribution of archegonia. (cc, central cell; ec, egg cell; gam, 
gametophyte; ja, jacket; n neck; ni, neck initial; snn, supernumerary nucleus; sf, spongy tissue; 
vec, ventral canal cell). A. L.s. female gametophyte with two young archegonia showing neck 
initials and central cells. The neck initial in the archegonium on the right has divided anti- 
clinally. x 150. B. Upper portion of archegonium at the foam stage. X 150. C. The central cell 
nucleus in telophase. x 150. D. A mature archegonium. x 150. E. L.s. female gametophyte 
showing a large number of irregularly distributed archegonia. x 150. F. L.s. upper portion of 
archegonium showing two nuclei. x 150. G. Same, showing hypertrophied ventral canal nucleus in 
the process of slipping into the egg cell. x 150. H. L.s. archegonium showing two nuclei in the 
ventral canal cell, a supernumerary nucleus and the egg nucleus with several rounded protuberances 


on its surface. x 150. 


Fic. 7 — Fertilization (bn, body nucleus; en, egg nucleus; m, male nucleus; nu, nucellus; pt, 
pollen tube; sn, stalk nucleus; st, spongy tissue; tn, tube nucleus). A. L.s. upper part of female 
gametophyte with three archegonia; note nucellus showing pollen tubes. x 25. B. Pollen tube 
and a portion of the nucellus, enlarged from A; the stalk and body nuclei are enclosed inside a 
common sheath, and the nucellar cells are filled with starch. x 254. C. L.s. nucellus showing 
pollen tube at a slightly later stage of growth. x 19. D. Pollen tube enlarged from C. x 254. 
E. L.s. upper part of female gametophyte; the pollen tube has reached the base of the nucellus. 
x 19. F. Portion of pollen tube from E enlarged to show the two male nuclei, and the stalk and 
tube nuclei. x 254. G. L.s. upper part of archegonium showing one male gamete (m,) is ap- 
pressed to the egg. The second male gamete (m,) and the stalk and tube nuclei are lying above. 


H-J. Stages in the process of fertilization. x 254. K. An abnormal archegonium; for explanation 
see text. x 254. 
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after reaching the base of the nucellus 
and shows the stalk and tube nuclei, and 
the two male nuclei which are enclos- 
ed inside a common cytoplasmic mass. 
Figure 7F indicates that the male gametes 
are of a similar size. 

The pollen tube displaces the neck cells 
and discharges all its contents into the 
archegonium (Fig. 7G). A number of 
vacuoles are seen at this time at the micro- 
pylar end of the archegonium. The ven- 
tral canal nucleus could not be seen at the 
time of fertilization (Fig. 7G-J) and seems 
to disorganize at this time. One of the 
male nuclei attaches itself to the egg 
nucleus. The chromatin of the male nu- 
cleus is much denser than that of the egg. 
The egg nucleus shows a number of nucleoli 
aggregated close to each other (Fig. 7G). 
The condensation of chromatin (nucleoli 
in the egg nucleus) progresses in both the 
gametes (Fig. 7H) and distinct chromo- 
some threads appear later (Fig. 71). The 
walls separating the two gametes dis- 
appear and both the groups of chromo- 
somes move toward each other (Fig. 7J). 
Further stages have not been observed. 

The stalk and the tube nuclei degenerate 
early but the second male gamete remains 
healthy for some time. The remnants of 
these nuclei can be seen even after fertiliza- 
tion (Fig. 8A). 

Figure 7K shows an abnormal archego- 
nium in which the pollen tube has dis- 
charged its contents. The origin and 
function of the six nuclei seen in the 
upper part of the egg could not be 

- ascertained. 

EMBRYOGENY — The first division of 
the nucleus of the zygote occurs in situ. 
The resulting two nuclei divide once again 
in the same position. The spindles are 
intranuclear, and may be oriented ob- 
liquely or at right angles to the long axis 
of the archegonium (Fig. 8A). The proteid 

vacuoles are abundant specially in the 
upper region of the zygote. The four 
resulting nuclei migrate to the base of the 
archegonium. The third division is again 
intranuclear. It is followed by wall for- 
mation (Fig. 8B) resulting in an upper 
“open tier and a lower embryonal tier of 
four cells each. The open tier is the next 
to divide and then the lower tier so that 
| four tiers are formed each containing four 
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cells. From the base upward these are 
the embryonal E, primary suspensor S, 
rosette À and the upper tier U with no 
walls toward the micropylar side (Fig. 
8C). Embryos are formed only from the 
tier E. Occasionally one or two extra 
nuclei are seen at the micropylar end of the 
archegonium. The origin and fate of 
these nuclei are obscure. Probably they 
are derivatives of the second male nucleus. 

The primary suspensor cells (S) elongate 
carrying the Æ cells into the corrosion 
cavity of the gametophyte. After the 
primary suspensors have elongated for 
sometime, the tier E undergoes transverse 
divisions. The cells toward the suspen- 
sor elongate and form the secondary 
suspensors. The elongation of the sus- 
pensor is much more rapid than the en- 
largement of the corrosion cavity so that 
due to lack of space the suspensor cells 
become greatly coiled and show several 
loops and twists (Fig. 8D, F, H). 

Each of the four original embryonal cells 
now divides to form a small group of 
cells (Fig. 8E). The groups separate from 
each other forming four embryos (Fig. 
8F, G). In addition to such cleavage 
polyembryony simple polyembryony is 
also present as more than one archegonium 
in a gametophyte is often fertilized. A 
competition ensues between the embryos 
from a single archegonium as well as from 
other archegonia in the same gametophyte. 
Several embryos (including embryo quar- 
tets prior to separation) remain behind, 
being arrested at various stages of develop- 
ment. Each embryo initial divides seve- 
ral times. The cells at the suspensor end 
elongate and add to the already massive 
secondary suspensor (Fig. 81). To begin 
with the secondary suspensors are uni- 
cellular. Those cut off later divide by 
vertical walls. The suspensor cells (pri- 
mary as well as secondary) are long and 
uninucleate. The large nucleus, which may 
show an irregular outline, occupies the 
embryo end of the suspensor cells where 
the cytoplasm is denser. 

Only one embryo continues growing 
(Fig. 9A-C). Two distinct meristematic 
zones — a proximal and a distal — appear 
in the embryonal mass (Fig. 9B, C). The 
cells in the proximal region give rise to a 
massive root cap and the root tip, while 
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Fic. 8 — Embryogeny (ch, chromosome clump; E, embryonal tier; O, open tier; R, rosette tier; 
S, suspensor tier; sn, stalk nucleus; ss, secondary suspensor; U, upper tier). 
tome sections; rest from whole mounts. 
sion of nucleus of zygote. 


A-C from micro- 
A. L.s. upper part of archegonium showing second divi- 
Note the chromosome clump and the persistent stalk nucleus in the 
upper region. x 150. B, C. Stages in the formation of a 4-tiered proembryo. x 150. D. Diagram 
showing two embryonal systems. x 14. E. Enlarged view of portion marked in D. x 150. F. 
Diagram showing three embryonal systems. x 14. G. Magnified view of portion marked in F. 


x 150. H. Diagram showing four embryos from a single zygote at different stages of develop- 
ment. X 14. I. Enlarged view of portion marked in H. x 150. 


. 


those in the distal region dividetoformthe with a provascular strand. The number 
hypocotyl and shoot apex, and later the 


| of cotyledons varies from 8 to 14 (common- 
cotyledons (Fig. 9C). ly 9 or 10) and surround the growing tip. 
The cotyledonary primordia enlarge 


C After the cotyledons have elongated to 
considerably (Fig. 9D) and each is supplied nearly their full size, rings of plumular 
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Fic. 9— Embryogeny (sa, shoot apex; st, spongy tissue). A. L.s. gametophyte showing a 
young embryo; note the persistent spongy tissue. x 8. B, C. Stages in the development of the 
embryo; the shoot apex is clearly differentiated in C. B, x53; C x 34. D. L.s. young embryo 
showing root cap, hypocotyl and cotyledons. x 28. 
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Fic. 10 — Embryogeny (pl, plumular leaf). 
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A, from a whole mount; rest from microtome 


sections. A. Mature embryo. x 14. B. L.s. female gametophyte showing a mature embryo. x 14. 
C, D. The components of rosette tier showing formation of irregular cells. x 239. 


leaves appear (Fig. 10B). InC. libanotica 
there is a single ring; inC. atlantica plumu- 
lar leaves are absent (Buchholz & Old, 
1933). 

The mature embryo occupies almost the 
entire length of the seed (Fig. 10B). By 
this time the suspensor system has com- 
pletely degenerated and is seen as a shrivel- 
led mass above the root cap (Fig. 10A). 
The gametophyte is gorged with starch 
and fat, and the mature seed is oily. 

Each cotyledon has a single endarch 
vascular bundle running through the 
entire length. Two resin ducts are pre- 
sent in each cotyledon and are situated 
in each of the dorsal corners (Fig. 12M, N). 

The rosette cells may perish in the uni- 
nucleate condition or may divide and 
produce groups of irregularly arranged 
cells (Fig. 10C, D) after the four primary 


embryos have 
other. 

SEED Coat —Initially the integument 
is four- to six-layered (Fig. 11A). After 
pollination it becomes seven- or eight- 
layered. The cells of the upper epidermis 
are radially elongated and filled with 
abundant tannin, while those of the lower 
epidermis are squarish and free of tannin. 

At the free nuclear stage of the female 
gametophyte the integument differentiates 
into the three usual zones, namely the 
outer fleshy (of), the middle stony (s), and 
the inner fleshy (if) (Fig. 11B). The 
outer zone consists of three or four layers 
of tangentially elongated cells. The 
middle zone comprises four or five layers 
of cells which are small and more or less 
isodiametric and can be distinguished 
from others by their denser and more or 


separated from each 
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Fic. 11 — Seed coat (if, inner fleshy layer; int, integument; nu, nucellus; of, outer fleshy layer; 
s, stony layer; st, spongy tissue). A. L.s. portion of integument at megaspore mother cell stage 
showing six layers. x 461. B-D. L.s. portion of integument showing differentiation of outer fleshy, 
middle stony and the inner fleshy layers. x 268. E. L.s. portion of seed coat at mature embryo 
stage; note the disintegration of the outer and inner fleshy layers (part of the damage is due to 
sectioning), and differentiation of sclereids in the stony layer. x 107. F. Sclereids from the stony 
layer magnified. x 899. 


less homogenous cytoplasm. The nuclei which stops short of extreme tip of the 
are large and fill the entire width of the integument. The inner zone is made up 
cell. This gives rise to the stony layer of six or seven layers of tangentially 
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Fic. 12 — Germination of seed and anatomy of the seedling (may, metaxylem; ph, phloem; 


pxy, protoxylem). 
trusion of the root tip. x 0°7. 
the cotyledons from the seed. x 0°7. 
x 07. 
from portion marked c in F. 


Semen 


A. Mature seed with wing. x 0°7. 


L. Same, just below the cotyledon. x 31. 


B. Germinating seed showing a slight pro- 


C. Young seedling showing an arched hypocotyl which brings out 


D-F. Progressive stages showing the growth of the seedling. 
G, H. T.s. root at levels marked a and bin F. x 31. 


I-K. T.s. hypocotyl at different levels 
M, N. T.s. shoot 


showing an outer ring of nine cotyledonary leaves and inner rings of juvenile leaves. x 20. 


elongated cells. The cells of the inner 
epidermis divide anticlinally as well as 
periclinally. 

At the mature archegonium stage, these 
three zones become very distinct (Fig. 
11C, D). The cells of the outer fleshy 
layer elongate considerably and later 
become dry and papery. The stony 
layer increases in width. Its cells are 
irregular in form and are generally devoid 
of contents. Their walls begin to thicken. 
The differentiation of stony cells continues 
to proceed outward. The cells of the 


inner fleshy layer enlarge and become 
vacuolated. 

In the mature seed, the cells of the outer 
and the inner fleshy layers eventually 
become flattened and crushed while the 
middle zone is sclerosed. The sclereids 
have a narrow lumen and numerous pit 
canals (Fig. 11E, F). 

GERMINATION — The seed is more or 
less triangular. Along with its wing it is 
about 2'5-3:5 cm long (Fig. 12A). 

The germination is epigeal. The radicle 
emerges from the apex of the seed on the 
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Fic. 13 — Diagrammatic representation of the life-history as found in Mussoorie. 


side opposite to the wing and descends 
into the soil (Fig. 12B,C). The hypocotyl 
at first curves downward, and then elon- 
gates, straightens and raises the cotyledons 
which are enclosed in the seed coat. The 
latter is sometimes left in the soil. The 
cotyledons remain converged at their 
apices for some time but soon spread out 
in a whorl with the shoot apex in the 
center (Fig. 12D-F). The plumular leaves 
usually form a whorl alternating with the 
cotyledonary leaves and the subsequent 
leaves are spirally arranged on the 
epicotyl. 

The transition from the exarch condition 
in the root to the endarch condition of the 
stem begins just below the cotyledonary 
leaves. The first change occurs in the 
phloem strands each of which splits verti- 
cally to form two halves (Fig. 12G, H). 


Each half then moves closer to the alter- 
nating xylem bundles. The latter also 
split similarly, first at the protoxylem end 
(Fig. 121) and then at the metaxylem end 
(Fig. 12J). The two halves thus formed 
move away from each other (Fig. 12J). 
The angle of rotation is nearly 180° and 
consequently the protoxylem becomes 
endarch. Meanwhile, the phloem conti- 
nues its migration toward the xylem so 
that after separation each xylem bundle 
comes to lie below a phloem group (Fig. 
12K). The number of bundles varies 
according to the number of cotyledons. 
Figure 12L shows the fully formed en- 
darch bundles alternating with the smaller 
bundles which supply the juvenile leaves. 
Each of the larger bundles now enters 
a cotyledon (Fig. 12M, N). Since this 
particular seedling had only nine coty- 
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ledons, two bundles had fused into one 
(Fig. 12M). 


Time Relations 


The life cycle of C. deodara, in Mussoorie, 
is completed in about 18 months after the 
initiation of the cones. The entire course 
of development is represented in Fig. 13. 
In Table 1 the approximate dates of the 
more important stages are given. These 
vary somewhat according to altitude and 
locality. 


Summary 


Cedrus deodara is a large tree nearly 
60 meters in height. The branches are 
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of two types: long shoots which bear 
spirally arranged leaves and dwarf shoots 
bearing 20-30 leaves in pseudowhorls. 
The leaves are acicular, rigid and about 
4 cm long. 

The tree is generally monoecious. The 
male as well as the female cones are borne 
singly at the apices of dwarf shoots. — 

Dallimore & Jackson (1954) mention 
that the pollen grains of Cedrus are wing- 
less. This is incorrect as both in 
C. deodara (Johri, 1936; present work) 
and in C. atlantica (Smith, 1923) two wings 
are clearly seen. The pollen grains are 
shed at the 5-celled stage. Pollination 
takes place in September and the pollen 
grains germinate in May of the following 
year, ie. after seven and a half months. 


TABLE 1 


STAGE 


Male Cycle 


Initiation of male cones 
Development of microspores and male 
gametophyte 


Shedding of pollen and pollination 


Germination of the pollen grains on the 
nucellus 

Growth of the pollen tube on the 
nucellus 

Formation of male gametes and their 
liberation into the egg 


Female Cycle 


Initiation of female cones 
Appearance of megaspore mother cell 
Megasporogenesis 


Slight enlargement of the pollinated 
cone and the functional megaspore 
Resumption of growth of the cone 
Development of free nuclear female 
gametophyte 

Cellular gametophyte 

Appearance of archegonium initials 


Division of the central cell nucleus and 
maturation of the archegonium 
Fertilization 

Proembryo development and embryo 
cleavage 

Embryonic competition 


Differentiation 
embryo 
Shedding of seeds 
Germination of seeds 


and maturation of 


TIME 


June 
June-September 


Mid-September to mid- 
October 


1st to 2nd week of May 
1st to 2nd week of May 


2nd to 4th week of May 


Last week of August 

1st week of September 
Mid-September to mid- 
October 

Last week of October 


1st week of March 

1st week of March to 2nd 
week of April 

3rd to 4th week of April 
4th week of April to 1st 
week of May 

2nd to 4th week of May 


Same as above 
Completed by middle of 
June 

Over by the ist week of 
July 

July to November 


November to December 
Early January 


REMARKS 


After this there is a rest 
period of nearly 7% 
months 


Pollination takes place 
at this stage 

Rest period of the cone 
and ovule now begins ~ 


eee 


L2 
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In C. atlantica (Smith, 1923) the pollen 
grains remain quiescent from October to 
June next. Thus, in Cedrus the rest 
period of the pollen grains is longest 
amongst all the members of the Pinaceae. 

A detailed study has been made of the 
bract and ovuliferous scales, the ovule, 
megasporogenesis, female gametophyte, 
spongy tissue, archegonium, fertilization, 
embryogeny, and structure of seed coat. 

The ovules are unitegmic and crassi- 
nucellate. The two arms of the integu- 
ment are unequal, the one away from the 
ovuliferous scale being much longer. The 
ovule is supplied by two vascular strands 
running through the integument within 
the stony layer. 

There is a single deep-seated megaspore 
mother cell. A row of three or four cells 
is formed after the reduction divisions. 
The functional megaspore rests for appro- 
ximately four months. After many free 
nuclear divisions, walls are laid down 
centripetally resulting in a cellular game- 
tophyte. 

The spongy tissue is nucellar in origin. 
It becomes clearly differentiated after the 
megaspore has undergone the rest period. 
The inner zone of this tissue, immediately 
- surrounding the female gametophyte, con- 

sists of large and conspicuous cells while 
the outer two or three layers of cells are 
narrow, elongated and have dense cyto- 
plasm. ‘With further growth of the female 
gametophyte most of the nucellus and the 
outer layers of the spongy tissue are con- 
sumed. One or two inner layers persist 
around the female gametophyte except at 
the micropylar end where the archegonia 
-are situated. The outer tangential and 
the radial walls of these cells become 
thickened and their degenerated remains 
persist even in the seed. 


CHOWDHURY — MORPHOLOGY AND EMBRYOLOGY OF CEDRUS 


303 


There are three to five archegonia in a 
gametophyte. Fertilization takes place ap- 
proximately eight and a half months after 
pollination. The pollen tube liberates all 
its contents namely, the stalk and tube 
nuclei and the two equal male gametes, 
into the egg cell. 

The development of the proembryo 
resembles that of Pinus. Cleavage poly- 
embryony is of the indeterminate type. 
A few irregular divisions take place in the 
rosette tier. A mature embryo has 8-14 
cotyledons. Rings of plumular leaves are 
present in the seed. 

The integument differentiates into the 
outer fleshy, middle stony and inner fleshy 
layers. In the mature seed the cells of the 
inner and outer fleshy layers become 
compressed, while those of the middle 
region become thickened and sclerosed. 

The seed is triangular and winged. 
The germination is epigeal. The root- 
stem transition in the seedling takes place 
in the hypocotyl just below the region of 
the cotyledonary leaves. 

The life-history is completed within 
18 months after the initiation of the 
cones. 

I take this opportunity to express my 
deep gratitude to Professor P. Maheshwari 
for his guidance, invaluable help and en- 
couragement in the present investigation, 
and to Drs B. M. Johri, K. S. Bhargava, 
J. K. Maheshwari, H. Y. Mohan Ram, 
R. N. Konar,S. P. Bhatnagar and Hardev 
Singh, and Messrs B. L. Dutt, G. H. V. 
Rao, Virendra Kumar, P. P. Sehgal, 
P. P. Khanna, Shyam Sunder, Sudhir 
Kumar Nautiyal and Dr (Mrs) Madhu 
Sanwal for fixing part of the material. 
To Mr D. M. Sonak I am grateful for 
drawing a few figures of external mor- 


phology. 
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EMBRYOLESSNESS IN PIPER NIGRUM L. 


KUSUM KANTA 
Department of Botany, University of Delhi, Delhi 6, India 


Johnson (1902, 1910) found undifferen- 
tiated embryos in mature seeds of Piper 
adunca, P. betel var. monoicum and P. me- 
dium. He failed to trace the early divi- 
sion of the zygote but recorded an appre- 
ciable growth of the fruit without con- 
comitant divisions of the zygote. Gentry 
(1955) reported apomixis in Piper nigrum 
but did not give any details of the process. 
Recently Gupta (1960) has reported 
embryolessness in some Umbelliferae and 
has traced it to parasitization of the 
mericarps by an insect which develops at 
the cost of the embryo. 

Piper nigrum is a plant of great economic 
importance. The slightly unripe fruits 
form the black pepper of commerce, while 
the ripe fruits, from which the epicarp 
has been removed, are a source of white 
pepper. During the course of a study of 
its embryology I found a very high degree 
of sterility and wish to make a brief report 
on its causes. While many ovules were 
microtomed, dissections of embryo sacs, 
embryos and endosperms also proved 
useful in the study. 


Lack of pollination seems to be the cause 
for the collapse of ovules in 50 per cent of 
the ovaries (Fig. 1A). Such ovaries, 
nevertheless, appear quite healthy but for 
their slightly smaller size, and they can . 
hardly be differentiated from normal 
ovaries of the same age. The ovules may 
abort before or after fertilization. The 
unfertilized ovules sometimes abort at the 
primary 4-nucleate stage of the female 
gametophyte! but more frequently at or . 
after the 8-nucleate stage. 

In fertilized ovules occasionally a crystal- 
line substance appears in the micropylar 
region and surrounds the zygote (Fig. 1C); 
sometimes it invades even the endosperm 
and the antipodal cells which multiply 
and persist for a long time. In such ovules 
the zygote is arrested in its development 
and ultimately degenerates. The endo- 
sperm remains healthy for some time but 
cell formation does not occur and even- 
tually it disintegrates. The perisperm 
and the fruit wall continue to develop 


1. The embryo sac is of the Fritillaria type, 
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Fic. 1 — Longisections of ovaries showing degeneration of contents at different stages of 


development (end, endosperm). 


A. L.s. Complete ovary showing degenerated ovule. x 38. B, 


D. Micropylar portions showing cellular endosperm and degenerated embryo (arrow-marked) B. 


ESS D x 115: 
line substance (arrow-marked). x 122. 


normally, but the fruits lack the embryo 
and endosperm. 

Sometimes the endosperm becomes cel- 
lular while the zygote alone shows signs 
of degeneration. Degeneration may even 
set in later at the 8 to 12-celled stage of 
the proembryo (Fig. 1B, D). The fruits 
thus formed contain seeds which have 


C. L.s. micropylar portion of ovary, part of which is impregnated with a crystal- 


normal endosperm and perisperm but are 
devoid of an embryo. 

When degeneration extends to the 
perisperm, the development of the peri- 
carp is also checked so that the fruits 
do not attain full size. Finally, some- 
times the embryo aborts even at the adult 
stage. 
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Thus out of every 100 apparently 
healthy fruits, approximately 32 are 
embryoless but contain healthy endo- 
sperm; 22 have a well developed endosperm 
but show unhealthy embryos arrested at 
different stages of development (Fig. 
2E-H); in 6 fruits both embryo and endo- 
sperm are degenerated; 20 have globular 
or heart-shaped embryos (Fig. 2A-C); 
and only 20 possess fully developed 
healthy embryos (Fig. 2D). Since about 
half the ovaries borne on the plant collapse 
before pollination, the total sterility 
amounts to nearly 90 per cent. 

There are many reports of a disfunction 
of the endosperm resulting in the starva- 
tion and final death of the embryo (see 
Chopra & Sachar, unpublished). In Piper, 
however, the embryo often aborts even 
when the endosperm develops normally. 
Whether this sterility is due to genetical 
or environmental factors is yet to be 
investigated. 
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dissected from pepper 
A-D. normal 


Fic. 2 — Embryos 
obtained from the local market. 
embryos; E-H. Unhealthy embryos. x 22. 


I am deeply indebted to Professor 
P. Maheshwari, Dr. R. N. Chopra and 
Dr N. S. Ranga Swamy for guidance and 
suggestions. 
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EN VITRO CULTURE OF EXCISED OVULES OF 
PAPAVER SOMNIFERUM L. 


NIRMALA MAHESHWARI & MANOHAR LAL 
Department of Botany, University of Delhi, Delhi 6, India 


Introduction 


In a previous communication (Mahe- 
shwari, 1958), the procedure for iso- 
lating young ovules and maintaining 
them till maturity under artificial condi- 
tions was briefly outlined. Since then 
several papers have appeared reporting 
the morphogenetic effects of various 
chemicals on isolated ovules (Sachar & 
Kapoor, 1958, 1959; Kapoor, 1959; Ranga 
Swamy, 1959). Poddubnaja-Arnoldi (1959) 
has followed the entire development 
of the embryos by rearing the young 
ovules of several plants on artificial media. 
The present paper is a detailed account of 
our experiments on the ovules of Papaver 
somniferum grown on a variety of media. 


Material and Methods 


Papaver somniferum was raised from 
seed in pots and when the seedlings were 
about 4 in. high, they were transplanted to 

beds. In order to obtain ovules of equal 
- ages, the flower buds were marked by 
- paper tags to note the day of anthesis. 
The material selected for study offered 
_ some advantages: the ovary contains 
numerous ovules neatly apportioned in 
incomplete chambers formed due to in- 
growths of the placentae. The ovules 
in a capsule are more or less at the same 
_ stage of development except for a small 
. group at the very base and top which is 
usually much less advanced than the rest. 

The basic medium (designated NBV in 
the text) was that of Nitsch (1951) but 
supplemented by glycine (7:5 mg/l) and 
the following vitamins: niacin (1-2 mg/l); 
thiamine (0-25 mg/l); pyridoxine (0-25 
mg/l) and calcium pantothenate (0-25 
| mg/l). Sucrose (5 per cent) was used as 


carbon source. The medium was solidi- 
fied with 0-8 per cent agar and the pH 
adjusted to 5-8. Ten ml of the medium 
was dispensed in each culture tube and 
autoclaved at 15 lbs pressure for 15 
minutes. 

The capsule was sterilized by dipping in 
ethyl alcohol and flaming. It was then 
incised by a scalpel and the ovules scooped 
out and spread (15-25 per tube) as evenly 
as possible on the surface of the nutrient 
agar. 

The cultured material was fixed in 
formalin-acetic-alcohol at intervals of five 
days from the day of inoculation. A 
total of eight fixations was made. The 
ovules of corresponding ages growing in 
the garden were also fixed for comparison. 
The measurements given in the text are 
averages from five or more specimens. 

A major part of this investigation is 
based on dissections performed under a 
stereoscopic microscope. Some material 
was dehydrated in alcohol-xylol series, 
imbedded in paraffin and cut into serial 
sections at 10-15 microns. The sections 
were stained with Heidenhain’s haema- 
toxylin and counterstained with fast green. 

Ovules were cultured at various ages 
ranging from one to six days after polli- 
nation in simple and complex media. 

The age of ovule/embryo is denoted in 
terms of days after pollination. 


Observations 


GROWTH IN VIVO — A comparison of 
the rate of growth of the ovary, ovule, 
endosperm and embryo shows that tho 
ovary and the ovule reach their respective 


final dimensions long before the endosperm 
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and embryo mature, for instance, ovules 
15 and 21 days after pollination are almost 
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PAPAVER- GROWTH IN VIVO 
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Fics. 1-3 — Growth of ovary, ovule, endosperm and embryo in vivo. 


of the same size, although the embryo and growth of the ovule. There is a sharp 
the endosperm are at different stages of increase immediately following fertiliza- 
development in the two (Figs. 1-3). In tion. Growth continues at an accelerated 
other words, in Papaver at least, size of the rate till about 6 days after pollination and 
ovary or ovule cannot be taken as a crite- full dimensions are attained in 12-15 
rion of age. Figure 2 shows the rate of days. 


—_— 


Fics. 4-6 — (d.a.p., days after pollination). Fig. 4. Growth of embryo in vivo, from 11 days 
after pollination to maturity. Figs. 5, 6. Growth of embryos in ovules inoculated 6 days after 
pollination in NBV (basic medium) and in NBV-+ casein hydrolysate 1000 mg/l respectively. 
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The primary endosperm nucleus divides 
2-4 days after pollination and a couple of 
days later 32 to 64 free nuclei are produced 
(Fig. 3). Most of these collect around the 
zygote and are soon delimited by cell walls. 
The entire endosperm becomes cellular 
within 9-12 days after pollination. The 
mature endosperm consists of uninucleate 
polygonal cells of uniform size except at 
‘the periphery where they are smaller and 
also in the vicinity of the embryo where 
they are constantly being digested. The 
mature seeds are albuminous and contain 
8-10 layers of endosperm. 

The zygote remains undivided until 6 
days after pollination. The initial rate of 
growth of the embryo is comparatively 
slow. About 12 days after pollination the 
embryo is at the globular stage and about 
three days later when the ovule has at- 
tained its maximum size, the embryo 
reaches only the heart-shaped stage. 
However, rapid growth ensues and within 
11 days the embryo attains full size. 

GROWTH IN VITRO — The growth of the 
cultured ovules was studied with special 
reference to the development of the em- 
bryo. Changes in the endosperm and the 
seed coat are described where significant. 

The ovules from unpollinated ovaries 
did not grow either on the basic medium 
or when it was supplemented by kinetin 
or kinetin + IAA. They invariably turn- 
ed brown and shrank. 

When cultured on the basic medium, 
the response of the ovules ranging from 
4-nucleate to the mature embryo-sac 
stages (one day after pollination) was 
similar to that of the ovules from un- 
pollinated ovaries. On the media contain- 
ing kinetin, on the other hand, some 
growth did take place and the ovules 
apparently remained alive for about 10 
days. However, on sectioning they 
showed only degenerated contents, al- 
though there was some proliferation of the 
inner integument. 

Ovules cultured two to four days after 
pollination could not be grown in the 
basic medium. 

The best growth on NBV was exhibited 

_by ovules inoculated six days after polli- 
nation. As mentioned earlier such ovules 
contained zygotes or two celled proem- 
bryos and many free endosperm nuclei. 
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The development of the embryo was 
initially slower than that in vivo (Figs. 4, 
5). Embryos dissected 5 and 10 days after 
inoculation were significantly smaller and 
less differentiated than their corresponding 
controls. The ten days old embryo in the 
basic medium (0-8 mm) was comparable to 
the 5 days old (i.e. 11 days after pollina- 
tion) embryo in vivo (0:06 mm). It may 
be recalled that in nature the 10 days old : 
(i.e. 16 days after pollination) embryo 

already showed rudiments of cotyledons 

whereas in culture it was still globular. 

The differentiation of the cotyledons was 

manifested in the next five days. Follow 

ing this there ensued a period of very 

rapid growth in cluture so that the 20 days 

old embryo (i.e. 26 days after pollination) 

measured 0:93 mm as compared to the 

maximum length attained by embryos 
in vivo (0-65 mm). Unlike the latter, the: 
embryos in the basic medium did not stop 
growing but continued to élongate reaching 
as much as 1:35 mm in 30 days. Some- 
times the embryos maturing in the basic 
medium had three cotyledons or two un- 
equal cotyledons. 

EFFECT OF CASEIN HYDROLYSATE, YEAST 
EXTRACT, GIBBERELLIC ACID, KINETIN, AND 
IAA ON THE GROWTH OF OVULES EXCISED 
6 DAYS AFTER POLLINATION — The ovules 
reared on various media did not show 
marked differences in their final dimen- 
sions which fell within a narrow range of 
1-1-2 mm. However, the ovules did differ - 
in their initial growth. This was maxi- 
mum in NBV + IAA 0-1 mg/l and in 
NBV + kinetin 0°5 mg/l + IAA 5 mg/l] 
and minimum in NBV. However, the 
effects on the growth of embryos were | 
considerable. 

When the basic medium was supple- 
mented with casein hydrolysate (1000 
mg/l), the growth and differentiation of 
the proembryo was extremely rapid. 
Five days after inoculation the embryo 
already showed the formation of cotyledon- 
ary primordia, and measured 0-14 mm 
in length. In the next five days it grew to: 
0:38 mm and the cotyledons, stem tip and | 
radicle were well formed. It will be seen 
that the ten days old embryo in culture 
was at the same stage of development as 
the fifteen days old embryo in nature. 
However, the same rate of growth was no _ 
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more maintained and the twenty days old 
embryos in vitro and in vivo (i.e. 26 days 
after pollination) were almost equal in size 
(Figs. 4,6). In the supplemented medium 
the embryo continued to grow and after 
30 days measured 1:07 mm in length. 
The diameter of the cotyledons was 
also twice as compared to the control 
embryos. However, the seeds did not 
germinate. 

In the yeast extract medium (1000 mg/i) 
the embryo growth, during the initial 


stages, was faster than 7m vivo, and the: 


embryos collected 5, 10 and 15 days after 


PAPAVER (/noc. 6 2. a. p.) 
Medium: 
NBV rkinetin 0-5 mg ft 


! 


Days 


1.0 PAPAVER Clnoc. 6 dap ) 
Medium: 


5 10 15. 20 
Days after 


Fias. 7-8 — (d.a.p., days after pollination). 


after 


NBV + kinetin 0-5 mg/l 1/44 Smg/t 
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inoculation measured 0-1 mm, 0-25 mm, 
and 0:65 mm as compared to 0:06 mm, 
0-2 mm, and 0-3 mm respectively of em- 
bryos growing in vivo. In other words 
the embryo grew actively after the ini- 
tiation of the cotyledons. Subsequently, 
however, there was no further increase. 
The length of the mature embryo in vivo 
was also about the same (0:65 mm) but this 
was attained much more gradually. 

In gibberellic acid (10 mg/l) growth as 


ec . . m 
well as differentiation of the embryos was 


largely inhibited.. Five days after in- 
oculation the embryo was 0:09 mm in 


25 30 


inoculation 


7 


8 


25 50 


inoculation 


Growth of embryos in ovules inoculated 6 days 


after pollination in NBV+kinetin 0:5 mg/l and in NBV-+kinetin 0:5 mg/l--IAA 5 mg/l res- 


pectively. 
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gibberellic acid and 0:06 mm in vivo, 
The subsequent growth was very slow so 
that the maximum length attained in 30 
days was only 0-3 mm. The inhibitory 
effect was much less in the lower concen- 
tration (5 mg/l). Starting with the 0-06 
mm long embryo produced in five days 
there was an elongation to half the length 
of the corresponding control in ten days. 


= F166.:9-12 2 
+kinetin 0.5 mg/l+IAA 5 mg/l. 
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The inhibitory effect became more notice- 
able after 20 days when the embryo mea- 
sured only 0:28 mm while in nature it was 
more than its double. Differentiation 
was also almost fully suppressed. Barely 
noticeable cotyledonary rudiments ap- 
peared after 25 days when the embryo 
was about 0:35 mm long. In the next 
five days there was a striking increase in 


Figs. 9, 10. L.s. 16 days old ovules inoculated 6 days after pollination in NBV 
The endosperm is scanty and embryo mis-shapen. x 70, 


Figs. 11, 12. Embryos enlarged from Figs. 9 and 10 respectively. x 370, 
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length and the embryo shot up to about 
1:1 mm. The cotyledons, however, re- 
mained almost completely arrested. 

Kinetin (0-5 mg/l) elicited an accelera- 
tion of growth and differentiation of the 
proembryo. In no other media as also in 
vivo, was the embryo 10 days after inocu- 
lation as long as 0-45 mm with well deve- 
_ loped cotyledons and stem tip (Fig. 7). 
However, later growth was comparatively 
poor and the mature embryos (0:54 mm) 
were smaller than in nature (0-65 mm). 
They did germinate if the ovules were 
maintained in the culture medium for 
about 50 days. 

When IAA (5 mg/l) was added to the 
above medium, the early development 
approximated the in vivo growth, as may 
be judged from the following measure- 
ments: 5 days old embryo — 0:09 mm and 
10 days old embryo — 0:25 mm. Growth 
was somewhat stimulated soon after the 
differentiation of the cotyledons only 
to fall off again. The mature embryos 
were 0-45 mm (Fig. 8). A few interesting 
abnormalities were also noted in the 9 days 
old embryos. Some of them were mis- 
shapen and undifferentiated while others 
showed lobes in which active meristematic 
regions were recognizable (Figs. 9-12). 
In such ovules the endosperm was either 
scanty or had disintegrated completely. 

A great deal of variation was encoun- 
tered in the response of embryos to the four 
concentrations of IAA (0-1, 1:0, 2-0 and 
5-0 mg/l) added to NBV. If the aver- 
age growth is taken into consideration, 
all the four concentrations were inhibitory. 
In the lower two concentrations (0-1 and 
1:0 mg/l) the growth was gradual while 
in the two higher concentrations (2 and 
5 mg/l) it was rapid only initially. How- 
ever, the average length of the mature 
embryo in all the four concentrations was 
at least 0:2 mm less than that in nature. 
Also, except in 0:1 mg/l IAA the differen- 
tiation of the cotyledons occurred quite 
early. | 

As compared to the embryo, the endo- 
sperm was less responsive. In most media 
the latter attained cellular condition from 
the nuclear state in the usual way and no 
special aberrations were detected with 
regard to the cell size, cell shape or cell 
contents. Even in the medium contain- 
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ing gibberellic acid where the embryo was 
markedly inhibited, the endosperm was 
normal. In kinetin + [AA medium, how- 
ever, the endosperm showed a number of 
interesting modifications. A fairly com- 
mon phenomenon was the presence of 
several nuclei in a single cell. Such cells 
were extremely hypertrophied and not 
infrequently with ruptured walls. In 
many ovules the mature cells of the endos- 
perm exhibited mitoses, and cytokineses, 
while in others, patches of small meriste- 
matic cells grouped around enlarged, va- 
cuolate and hypertrophied cells were seen. 


Summary and Conclusion 


The ovules of Papaver somniferum were 
cultured at both, the pre- and post-fertili-~ 
zation stages. Pre-fertilized ovules, from 
non-pollinated capsules, could not be 
reared even on media containing growth 
adjuvants. However, if obtained from 
pollinated capsules the unfertilized ovules 
could grow to some extent. In such cases, 
while the egg collapsed promptly, the inte- 
gumentary cells, specially toward the 
chalazal end, showed some meristematic 
activity. 

The youngest ovules that grew best on 
the basic medium (NBV) were those in- 
oculated 6 days after pollination. The 
response of these ovules to casein hydro- 
lysate, yeast extract, gibberellic acid, 
kinetin, IAA and kinetin + IAA was also 
studied. Casein hydrolysate promoted 
both growth as well as differentiation of 
the embryo. Yeast extract also hastened 
differentiation but the mature embryo 
was not as large as in casein hydrolysate. 
Gibberellic acid (5 and 10 mg/l) was the 
least stimulative of all. Curiously enough, 
in the mature condition of the embryo 
the cotyledons were entirely arrested and 
appeared as mere flaps near the middle of 
the elongated structure. Kinetin en- 
hanced the differentiation process but 
checked the elongation of the embryo. 
The results obtained with IAA were 
somewhat variable. In general it tended 
to be inhibitory. No improvement in 
growth was noticed by using kinetin and 
IAA in combination. However, prolifera- 
tion of the embryonal cells and cambial 
activity in the endosperm at the globular 
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stage were among the interesting changes 
induced by a combination of kinetin 
and IAA. 

This work was done under an I.C.A.R. 
research scheme entitled ‘‘ Chemical Sti- 
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mulation of the Ovule ”’. We are thankful 
to Professor P. Maheshwari under whose 
guidance this work was done and to Dr 
H. Y. Mohan Ram for going through the 
manuscript. 
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